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CHAPTER 1

INTRODUCTION

1.1. Overview
Impingement cooling is often utilized for surface cooling for a variety of
applications where management of locally augmented heat loading is required. The
present impingement cooling investigation is applicable for cooling of leading edge
regions of turbine blades and vanes, as well as for combustion chamber liners, transition
pieces, and splash plates.
The purpose of the present research is to provide new heat transfer data for
impingement jet array. Data which illustrated the separate and combined effects of jet-totarget plate distance, hole array spacing, Reynolds number, and cross flow effects are
presented. Considered is low-speed impingement cooling with spent air constrained to
flow out only one side of the flow passage. The present investigation is important
because high-accuracy, spatially-resolved, local Nusselt number distributions are
included, along with line-averaged and spatially-averaged Nusselt number results. Many
researchers have investigated the performance of impingement jet array heat transfer.
1.2. Literature Survey
Related literature survey information is presented in Chapters 2, 3, and 4. Table 1
gives sample literature survey information.
Table 1 Sample literature survey

Re

Z/D

1

X/D

Y/D

Hole array patterns

Kercher & Tabakoff

300~30,000

1.0~4.8

3.1~12.5 3.1~12.5 In-line

Chance

6,000~50,000

2,3,4,6,8

Metzger et al.

5,000~20,000

1,2,3

6~32

6~32

Square, equilateral
triangle, rectangular
In-line, staggered

Florschuetz et al.

2,500~70,000

1~3

5~15

4~8

In-line, staggered

Obot & Trabold

1,000~21,000

2~16

5~10

4~8

Bailey & Bunker

14,000~65,000

1.25~5.5 3,6,9

3,6,9

San et al.

5,000~15,000

1~4

4~8

4~8

Vadiraj & Prabhu

3,000~100,000

1~3

5

2~6

In-line rectangular

Present study

8,000~52,000

1.5~8.0

5,8,12

5,8,12

Staggered

In-line rectangular

1.3. Objectives of the Experiment
Data are presented which illustrate surface heat transfer characteristics of an
array of impingement jets on a flat plate for an impingement passage which confined on
three sides. The present research is unique because the investigated values of Reynolds
numbers, hole spacing, and jet-to-target plate distance are not considered in any other
existing study. Considered are the combined influences of these parameters. Of particular
interest are impingement passage cross flow effects. New impingement heat transfer data
to illustrate the effects of large hole spacing at different Reynolds numbers and hole
spacing are also included. The objectives of the present study are as follows.
(1) Understand the effects of impingement cross-flows on local, line-averaged, and
spatially-averaged Nusselt numbers, as both jet-to-target distance and jet hole
spacing are altered.
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(2) Obtain new impingement heat transfer data which illustrate the combined and
separate effects of hole array spacing, jet-to-target plate distance, and Reynolds
number on cross-flows for an impingement jet array.
(3) Investigate the effects of large hole spacing. Included are the effects of jet-totarget plate distance, and jet Reynolds number.
1.4. Organization of the thesis
Chapter 2 describes cross-flow effects on impingement array heat transfer with
varying jet-to-target plate distance and hole spacing. In this chapter, new impingement
heat transfer data are presented for experimental conditions and configurations employed
have not been previously examined, which illustrate the effects of impingement crossflows on local, line-averaged, and spatially-averaged Nusselt numbers, as both jet-totarget distance and jet hole spacing are altered. My contributions related to material in
Chapter 2 are: experimental planning, assemble experimental facilities and
instrumentation, calibration of different instrumentation devices, conduct experiments to
obtain experimental data, acquire data, data analysis, and assemble related reports.
Chapter 3 presents additional new crossflow information from jet array impingement
cooling: hole spacing, target plate distance, Reynolds number effects. This study
provides experimental data for impingement configurations and flow conditions which
have not been previously investigated. Of particular importance are new impingement
heat transfer data which illustrate the combined and separate effects of hole array
spacing, jet-to-target plate distance, and Reynolds number on cross-flows for an
impingement jet array. Included is conduction analysis of the impingement cooling array
target surface. My contributions related to material in Chapter 3 are: experimental

3

planning, assemble experimental facilities and instrumentation, calibration of different
instrumentation devices, conduct experiments to obtain experimental data, acquire data,
data analysis, and assemble related reports. Chapter 4 presents impingement array heat
transfer with large hole spacing. Data are presented which illustrate surface heat transfer
characteristics of an array of impinging jets on a flat plate. Included are the effects of jetto-target plate distance, and jet Reynolds number. My contributions related to material in
Chapter 4 are: experimental planning, assemble experimental facilities and
instrumentation, calibration of different instrumentation devices, conduct experiments to
obtain experimental data, acquire data, data analysis, and assemble related reports.
Chapter 5 presents a summary and conclusion of the thesis. Within the Appendices, an
uncertainty analysis, a data file directory, and a software directory are present.

4

CHAPTER 2
CROSS-FLOW EFFECTS ON IMPINGEMENT ARRAY HEAT TRANSFER WITH VARYING
JET-TO-TARGET PLATE DISTANCE AND HOLE SPACING

This chapter is a reprint of a paper published International Journal of Heat and Mass Transfer,
2014. Authors are J. Lee, Z. Ren, P. M. Ligrani, D. H. Lee, M. D. Fox, and H.-K. Moon.
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a b s t r a c t
New impingement heat transfer data are presented for experimental conditions and conﬁgurations
employed have not been previously examined, which illustrate the effects of impingement cross-ﬂows
on local, line-averaged, and spatially-averaged Nusselt numbers, as both jet-to-target distance and jet
hole spacing are altered. Data are given for a constant impingement jet Reynolds number of 8000. In general, the impingement passage cross-ﬂows which accumulate are detrimental to local Nusselt number
performance, especially for denser hole arrays with 5D and 8D hole spacing, where D is impingement hole
diameter. This is illustrated by periodic variations of surface Nusselt numbers, which generally decrease
with streamwise development, and by local Nusselt number peak values for hole spacings of 5D, 8D, and
12D which generally become smaller at successive x/D locations for each value of Z/D. Also considered are
unique situations where signiﬁcant accumulation of cross-ﬂow ﬂuid results in an opposite trend, with
local Nusselt numbers which increase with streamwise development for dense hole spacing of 5D, and
smaller jet-to-target plate distances of 1.5D and 3.0D.
Ó 2014 Elsevier Ltd. All rights reserved.

1. Introduction

and jet-to-target plate distance are not considered in any other
existing study. Several other investigations consider similar
parameter variations, but over different ranges of experimental
and conﬁguration conditions, in ﬂows with low Mach numbers,
and relatively low speeds. Of these studies, Kercher and Tabakoff
[1] present spatially-averaged surface heat transfer coefﬁcients
beneath an array of impinging jets for X/D and Y/D from 3.1 to
12.5, Z/D from 1.0 to 4.8, and Reynolds numbers from 3  102 to
3  104. An in-line array of holes is employed, and spent air ﬂow
from the impingement array exits the ﬂow passage in one direction. According to these investigators, the spatially-averaged heat
transfer coefﬁcients are inﬂuenced mostly by Reynolds number,
and streamwise/spanwise hole spacing. Another related investigation, described by Chupp et al. [2], considers heat transfer on a
semi-circular concave surface, with a line of circular jets impinging
on the apex. The effects of target spacing, hole spacing, and
Reynolds number are considered. Metzger and Korstad [3] consider
target spacing and examine the inﬂuences of cross-ﬂow on a single
line of jets, emerging from circular holes, placed on one wall of a
channel. They show that target spacing, jet Reynolds number,
and the relative strengths of the jet ﬂow and the cross ﬂow are
the most important factors which inﬂuence target surface heat

Impingement cooling is often utilized for surface cooling for a
variety of applications where management of locally augmented
heat loading is required. These applications include the leading
edge regions of turbine blades and vanes, and parts of the combustor in gas turbine engines, including combustion chamber liners,
transition pieces, and splash plates. For both situations, impingement cooling jets are used individually or in arrays. When
employed within an airfoil leading edge region, the impingement
air generally enters the leading edge cavity from an adjacent cavity
through a series of crossover holes on the partition wall between
the two cavities. The crossover jets then impinge on the concave
leading-edge wall and subsequently exit either through ﬁlm cooling holes, or though exit passages which lead to another part of the
airfoil.
The present investigation considers the combined inﬂuences of
the spacing between holes within the impingement array, and jetto-target-plate spacing. The investigated values of hole spacing,
⇑ Corresponding author. Tel.: +1 (314)977 8355; fax: +1 (314)977 8388.
E-mail address: pligrani@slu.edu (P. Ligrani).
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2014.03.040
0017-9310/Ó 2014 Elsevier Ltd. All rights reserved.

6

Author's personal copy

J. Lee et al. / International Journal of Heat and Mass Transfer 75 (2014) 534–544

535

Nomenclature
A
Aht
CD
D
k
Ma
Mi
Nu
Nu
Nu
Pa
Poj
Q
qcb
qcf
qrb
qrf
R
Rej

impingement hole area (m2)
heat transfer area on the target plate (m2)
discharge coefﬁcient
diameter of an individual impingement hole (m)
ratio of speciﬁc heats
impingement air ﬂow Mach number
impingement air ﬂow ideal Mach number
local Nusselt number
line-averaged Nusselt number
spatially-averaged Nusselt number
impingement air static pressure (Pa)
impingement air stagnation pressure (Pa)
total power provided to the thermofoil heater (W)
convection heat ﬂux from back side of the target plate
(W/m2)
convection heat ﬂux from front side (or impingement
side) of the target plate (W/m2)
radiation heat ﬂux from back side of the target plate (W/
m2)
radiation heat ﬂux from front side (or impingement
side) of the target plate (W/m2)
ideal gas constant
impingement air ﬂow Reynolds number

Ti
Tj
Toj
TW
ua
ui
x
X
y
Y
z
Z

impingement air ideal static temperature (K)
impingement air static temperature (K)
impingement air stagnation temperature (K)
local target surface temperature on the surface of the
heater adjacent impingement air (K)
impingement air velocity (m/s)
impingement air ideal velocity (m/s)
streamwise coordinate (m)
streamwise distance between centerlines of adjacent
impingement holes (m)
spanwise coordinate (m)
spanwise distance between centerlines of adjacent
impingement holes (m)
normal coordinate (m)
distance between target plate and impingement hole
plate (m)

Greek symbols
a
air thermal conductivity (W/m2 K)
l
absolute viscosity (kg/m s)
qa
impingement air static density (kg/m3)
qi
impingement air ideal static density (kg/m3)

transfer rates. Jet-to-target-plate spacing is also considered by
Chance [4], who also investigates low-speed impingement cooling
with spent air constrained to ﬂow out only one side of the ﬂow
passage. He describes static pressure variations within the
impingement passage, which become larger as cross-ﬂow velocity
increases, which occurs as Z/D decreases. Reynolds numbers range
from 6  103 to 5  104, and square, equilateral triangle, and rectangular jet arrays are employed. Z/D values are 2, 3, 4, 6, and 8, and
ratios of impingement to surface absolute temperature are 0.77,
1.27, and 1.54.
Metzger et al. [5] and Florschuetz et al. [6] indicate that in-line
jet impingement hole patterns provide better heat transfer than
staggered arrangements. Investigated are Z/D values of 1, 2, and
3, X/D and Y/D ranging from 6 to 32, and Reynolds numbers from
5  103 to 2  104. Within the Florschuetz et al. [6] investigation,
Reynolds numbers range from 2.5  103 to 7  104. Utilized are
inline and staggered hole patterns, Z/D from 1 to 3, X/D from 5 to
15, and Y/D from 4 to 8. As for the investigation of Metzger and
Korstad [3], impinging air is again constrained to exit in a single
direction from the channel formed between the impingement plate
and the target plate. Florschuetz et al. [6] include data on channel
cross ﬂow mass velocity and jet mass velocity (where ratios range
from 0 to 0.8), and a correlation which gives Nusselt number
dependence upon these parameters, as well as on impingement
jet plate geometry, Prandtl number, and Reynolds number.
Jet-to-target plate distance and jet hole spacing inﬂuences are
also addressed in low speed impingement ﬂows by Obot and Trabold [7], who consider different cross-ﬂow schemes on impingement heat transfer. Impingement jet Reynolds numbers from
1  103 to 2.1  104, Z/D values from 2 to 16, X/D values of 5 and
10, and Y/D values of 4 and 8 are employed. According to these
investigators, for a given cross-ﬂow scheme and constant jet diameter D, higher heat transfer coefﬁcients are obtained as the number
of jets over a ﬁxed target area increases. Bailey and Bunker [8] consider axial and lateral jet spacings of 3, 6, and 9, and jet plate-totarget spacings from 1.25 to 5.5 impingement hole diameters.
Impingement arrays with inline jets in a ‘‘square array’’ are
investigated at Reynolds numbers from 1.4  104 to 6.5  104 at

relatively low Mach numbers. The investigators show that each
jet behaves independently for sparse impingement arrays. Also
included are correlations which extend the range of applicability
of the correlations presented by Florschuetz et al. [6].
Another recent investigation is described by San et al. [9], who
present correlation equations which show that stagnation Nusselt
numbers are proportional to the 0.7 power of Reynolds number,
and the -0.49 power of the ratio of jet plate width to jet diameter.
Investigated are ratios of jet target distance to jet diameter from 1
to 4, lateral and streamwise jet spacing ratios from 4 to 8, ratios of
jet plate width to jet diameter ratio from 6.25 to 18.75, and Reynolds numbers from 5  103 to 1.5 x104. Miao et al. [10] consider
ﬂuid ﬂow and heat transfer characteristics of round jet arrays
impinging orthogonally onto a ﬂat-plate with conﬁned walls and
different cross-ﬂow arrangements. Computational ﬂuid dynamics
results are obtained for in-line and staggered hole arrays, and parallel, hybrid, and counter cross-ﬂow conﬁgurations. Jet Reynolds
numbers range from 2.44  103 to 1.46  104, and Z/D values of
1, 3, and 6 are utilized. According to these investigators, the thermal performance of multiple jet impingement is enhanced when
Z/D decreases from 6 to 3, which is illustrated by correlation equations for area-averaged Nusselt number as dependent upon jet
Reynolds number. Vadiraj and Prabhu [11] consider the inﬂuences
of spanwise pitch jet spacing on local transfer distributions for inline rectangular arrays of jets. Impingement jet Reynolds numbers
range from 3  103 to 1  105, jet-to-target plate spacing ranges
from 1 to 3 hole diameters, the X/D value is 5, and Y/D values vary
from 2 to 6. Brevet et al. [12] consider optimization of heat transfer
from a row of impinging jets.
The present study is aimed at providing new impingement heat
transfer data on the combined effects of jet-to-target plate distance
and jet hole spacing, at a constant impingement jet Reynolds number of 8000 and jet Mach numbers of approximately 0.10 to 0.14.
Of particular importance are the effects of impingement crossﬂows, especially their detrimental inﬂuences in reducing local surface Nusselt numbers as the impingement jets are deﬂected and
become less coherent. Included are discharge coefﬁcients, as well
as local, line-averaged and spatially-averaged surface Nusselt

7

Author's personal copy

536

J. Lee et al. / International Journal of Heat and Mass Transfer 75 (2014) 534–544

numbers. The present results are unique because the experimental
conditions and conﬁgurations employed have not been previously
examined. In particular, jet-to-target plate distances Z of 1.5D,
3.0D, 5.0D, and 8.0D are employed, where D is the impingement
hole diameter, with non-dimensional streamwise and spanwise
hole spacings, X/D and Y/D, of 5.0, 8.0, and 12.0. The thickness of
each impingement plate is 1.0D. Each hole array investigated is
arranged with a staggered arrangement from each streamwise
row to the next. The data obtained are important because they
illustrate the important effects of impingement cross-ﬂows on
local, line-averaged, and spatially-averaged Nusselt numbers, as
jet-to-target distance and jet hole spacing are altered. As such,
the present data are useful for the design of impingement array
conﬁgurations for different engineering applications, as well as
for the development of numerical models for prediction of surface
heat transfer coefﬁcient distributions from impingement array
cooling.
2. Experimental apparatus and procedures
2.1. Impingement ﬂow facility, and impingement plate
Fig. 2. Impingement ﬂow facility test section, including impingement plenum, and
impingement channel.

Schematic diagrams of the laboratory facility used for heat
transfer measurements are presented in Figs. 1 and 2. The facility
is constructed of 6.1 mm thick ASTM A38 steel plates, and A53
Grade B ARW steel piping. The air stream through the plenums
and channel is drawn from the laboratory atmosphere. To achieve
the Reynolds number of the present study, a New York Blower Co.
7.5 HP, size 1808 pressure blower is employed. The air mass ﬂow
rate provided to the test section is measured using an ASME standard oriﬁce plate, ﬂow-mounted calibrated copper-constantan
thermocouples, and Validyne DP15–22 and DP15–32 pressure
transducers (with diaphragms rated at 1.40 and 14.0 kPa, respectively) connected to Validyne Model CD15 Carrier Demodulators.
Each of these thermocouples measures recovery temperature,
which is used with local velocity magnitude to determine gas static
temperature. The blower exits into a series of two plenums
arranged in series, where the upstream plenum is 0.63 m in length
along each side, and the downstream plenum dimensions are
0.63 m long, 0.77 m tall, and 0.77 m wide. A Bonneville cross-ﬂow
heat exchanger is located within each plenum. As the air exits the
heat exchanger, and the second plenum, the air passes into a
0.22 m outer diameter pipe, which contains the ASME Standard
oriﬁce plate employed to measure the air mass ﬂow rate. This pipe
then connects to the 0.635 m by 0.635 m side of a third plenum.

Upon entering this plenum, the air ﬁrst encounters the honeycomb, followed by other ﬂow straightening devices. These are
followed by the upper plenum, located below the honeycomb
and ﬂow straightening devices (as shown in Fig. 2), with top
dimensions of 0.635 m and 0.635 m, and height of 0.40 m.
Individual plates with holes used to produce the impingement
jets are located at the bottom of this plenum, as shown in Fig. 2.
The plenum is thus designed so that different impingement plates
can be installed at this location. Fig. 3 shows that each impingement plate consists of 10 rows of holes in the streamwise direction,
arranged so that holes in adjacent rows are staggered with respect
to each other. With this arrangement, either 9 or 10 holes are
located in each streamwise row. The spacing between holes in
the streamwise direction X are either 5D, 8D, or 12D, and the spacing between holes in the spanwise direction Y are also either 5D,
8D, or 12D. The thickness of each impingement plate is 1D. The
spacing between the hole exit planes and the target plate is
denoted Z/D, with values employed in the present investigation
of 1.5, 3.0, 5.0, and 8.0. Note that the coordinate systems employed
are also shown in Fig. 3. The impingement cooling ﬂow which
issues from these holes is contained within the channel formed

Fig. 1. Impingement ﬂow facility.

8

Author's personal copy

J. Lee et al. / International Journal of Heat and Mass Transfer 75 (2014) 534–544

(a)

Additional discussion of related apparatus and procedures is
provided by Lee et al. [23].

x/D

2.2. Target plate test surfaces for measurements of surface Nusselt
numbers

40
30

Local surface Nusselt number are measured on a heated polystyrene target plate, with a size of 126 mm by 254 mm by
1.31 mm. The target plate is mounted on the bottom surface of
the impingement plenum. A mounting frame is also employed to
hold the solid polystyrene target plate in place, and to keep it
smooth (without bending or wrinkles), and normal to the impingement jets, as testing is underway. Eight type-T copper-constantan
thermocouples are placed at different streamwise and spanwise
locations within the polystyrene target plate. These provide measurements of local surface temperatures, after correction for thermal contact resistance and temperature drop through the 0.016 cm
thickness of polystyrene. Spatially-resolved distributions of surface
heat transfer coefﬁcients and Nusselt numbers are measured on
the polystyrene target plates with heaters and thermocouples
attached. This heater is located adjacent to the air stream with
the impinging air jets to provide a constant surface heat ﬂux
boundary condition adjacent to the impingement air stream. The
back side of this polystyrene plate is viewed by the infrared camera
as spatially-resolved measurements of surface temperature are
obtained. Each polystyrene target plate is 1.31 mm thick and each
heater is approximately 0.29 mm thick, giving a total target plate
thickness of 1.60 mm. Additional related apparatus and procedure
details are described by Lee et al. [23].

20
10
0

(b)
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x/D
64
48
32
16
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2.3. Local impingement air pressure and temperature measurements

(c)

x/D

As shown in Fig. 2, three wall static pressure taps are located on
the surface of the upper plenum. Two wall pressure taps are also
located on the surface of the lower plenum for measurement of
local static pressures. As tests are conducted, calibrated Validyne
Model DP15–22 and DP15–32 pressure transducers driven by Validyne Model CD15 Carrier Demodulators are used to sense pressures from these static pressure taps. Local airﬂow recovery
temperatures are measured using two Omega T-type copper-constantan thermocouples located in the central part of the lower plenum, and three copper-constantan thermocouples located in the
central part of the upper plenum. Voltages from the carrier demodulators and all thermocouples employed in the study are read
sequentially using National Instruments NI-USB 6210 and NI-USB
9162 Data Acquisition terminals, respectively. These terminals
relay the information to a Dell Precision T3500 computer. The voltage outputs from this unit are acquired by the computer through
its USB port, using LABVIEW 10.0 software.
A Kiel-type stagnation pressure probe is used to measure the
total pressure in the pipe at a position which is located upstream
of the oriﬁce plate employed to measure mass ﬂow rate. A wall
pressure tap located on the surface of the pipe, and a calibrated
copper-constantan thermocouple positioned within the air stream
are used to sense static pressure and ﬂow recovery temperature,
respectively, at the same streamwise location. Pressures and temperatures measured using the thermocouple, probe, and tap are
sensed and processed using the same types of instrumentation
mentioned earlier. The velocities deduced from this arrangement
are used to provide a cross-check on the velocities deduced from
mass ﬂow rates, which are measured using the ASME standard
oriﬁce plate. With impingement static temperature Tj, impingement ﬂow Mach number Ma, and other parameters known, the
impingement Reynolds number is given by an equation of the form

60
48
36
24
12
0

Fig. 3. Impingement test plate conﬁguration: (a) X/D = Y/D = 5, (b) X/D = Y/D = 8,
(c) X/D = Y/D = 12.

by the impingement jet plate and the target surface, and is
constrained to exit in a single direction, which here, is denoted
as the x-direction. This channel is called the lower plenum or
impingement plenum. The impingement plenum channel is made
up of a volume of air between the target and impingement jet
plate, with 4D spanwise margins on each side. In the present study,
the hole diameter size, D, blower, mass ﬂow rate, and pressure
level are employed so that the Mach numbers of approximately
0.1–0.14 and the Reynolds numbers is approximately 8000. This
range of Mach numbers are selected because previous investigations show that local and spatially-averaged Nusselt numbers
show no dependence on Mach number, when values are less than
approximately 0.25.

Rej ¼ qa ua D=l

9

ð1Þ

Author's personal copy

538

J. Lee et al. / International Journal of Heat and Mass Transfer 75 (2014) 534–544

2.4. Local Nusselt number measurement
A detailed summary of surface Nusselt number measurement
procedures is provided by Lee et al. [23]. The power to the thermofoil heater, mounted on the target plate, is controlled and regulated
using an alternating current to direct current Price-Putzebeck
POW-R-PAC 160 V transformer power supply. Energy balances,
and analysis to determine temperature values on the two surfaces
of the target plate, then allow determination of the magnitude of
the total convective power (due to impingement cooling) for a
particular test. To determine the surface heat ﬂux (used to calculate heat transfer coefﬁcients and local Nusselt numbers), the total
convective power level, provided by the particular thermofoil heater employed, is divided by the single surface area of this heater.
One step in this procedure utilizes a one-dimensional conduction analysis, which is applied between the surface within the target plate where the thermocouples are located (between the heater
and the polystyrene target plate), and the ambient air environment
behind the target plate. With these temperatures known, the radiation heat ﬂux and the convection heat ﬂux from the back side of
the target plate are determined using correlation equations given
by Lee et al. [23]. The radiation heat ﬂux on the front (or impingement side) of the target plate is determined using similar
procedures [23]. Another part of this procedure uses a one-dimensional conduction analytical model for the heater, which includes
source generation of thermal energy, to provide a relation between
TW, Ttc, and qcf. This one-dimensional conduction approach is
employed since magnitudes of lateral conduction within the target
plate are very small and mostly insigniﬁcant (from threedimensional analyses), relative to impingement convective heat
ﬂux levels [23].
The convection heat ﬂux from the front side (or impingement
side) of the target plate is then given by

qcf ¼ Q =Aht  qrf  qrb  qcb

ð2Þ

The local Nusselt number is then given as

Nu ¼ qcf D=ððT W  T oj ÞaÞ

ð3Þ

As impingement heat transfer measurements are made, spatially-resolved distributions of the target test surface temperature
TW are determined using infrared imaging in conjunction with
thermocouples, energy balances, digital image processing, and in
situ calibration procedures. These are then used to determine spatially-resolved surface Nusselt numbers. To accomplish this, the
infrared radiation emitted by the heated interior surface of the
channel is captured using a ImagIR InSB Digital 320  256 infrared
camera, which operates at infrared wavelengths from 5.2 lm to
9.1 lm. Temperatures, measured using the calibrated, copper-constantan thermocouples distributed along the test surface adjacent
to the ﬂow, are used to perform the in situ calibrations simultaneously as the radiation contours from surface temperature variations are recorded [23].
This is accomplished as the camera views the test surface from
behind, as shown in Fig. 2. In general, all eight thermocouple junction locations are present in the infrared ﬁeld viewed by the camera. The exact spatial locations and pixel locations of these
thermocouple junctions and the coordinates of the ﬁeld of view
are known from calibration maps obtained prior to measurements.
During this procedure, the camera is focused, and rigidly mounted
and oriented relative to the test surface in the same way as when
radiation contours are recorded. Voltages from the thermocouples
are acquired using the apparatus mentioned earlier. With these
data, gray scale values at pixel locations within digital images from
the infrared imaging camera are readily converted to local Nusselt
number values. Because such calibration data depend strongly on

camera adjustment, the same brightness, contrast, and aperture
camera settings are used to obtain the experimental data. The in
situ calibration approach rigorously and accurately accounts for
these variations [23].
Images from the infrared camera are recorded as 8-bit gray
scale directly into the memory of a Dell Precision T3500 computer
using a Matrox Frame grabber video card and the infrared camera
interface program, WINIR. One set of 50 frames is taken in ten
frames sets at ﬁve random intervals. All of the resulting images
are then ensemble averaged to obtain the ﬁnal gray scale data
image. This ﬁnal data set is then imported into MATLAB software
to convert each of 256 possible gray scale values to local Nusselt
number at each pixel location using calibration data. Each individual image covers a 256 pixel by 320 pixel area [23].
2.5. Discharge coefﬁcients
Discharge coefﬁcients are determined using

C D ¼ qa ua =qi ui

ð4Þ

The ﬁrst step in determining the ideal impingement mass ﬂux

qiui is obtaining an ideal impingement Mach number Mi using
Poj =Pa ¼ ½1 þ M2i ðk  1Þ=2

k=k1

ð5Þ

Next, impingement ideal static temperature Ti is determined
using Toj, the ideal Mach number Mi, and the appropriate ideal
gas isentropic relationship. Impingement ideal static density is
given by qi = Pa/RTi, and impingement ideal velocity is given by
ui = Mi(kRTi)1/2. Note that, in most cases, discharge coefﬁcients are
determined which are based on Pa, the spatially-averaged static
pressure at the exits of the impingement holes.
2.6. Experimental uncertainty estimates
Uncertainty estimates are based on 95% conﬁdence levels and
are determined using methods described by Kline and McClintock
[13] and Moffat [14]. Uncertainty of temperatures measured with
thermocouples is ±0.15 °C. Spatial and temperature resolutions
achieved with infrared imaging are about 0.1 mm to 0.2 mm, and
0.4 °C, respectively. This magnitude of temperature resolution is
due to uncertainty in determining the exact locations of thermocouples with respect to pixel values used for the in situ calibrations.
Of the different quantities considered, the uncertainty associated
with surface temperature makes the largest contribution to overall
Nusselt number uncertainty. Note that the overall Nusselt number
uncertainty also includes possible contributions from lateral conduction within the test plates, although, in general, magnitudes
of lateral conduction (in the x and y directions) are generally
insigniﬁcant relative to overall convective heat ﬂux levels from
impingement. Table 1 shows that the total local Nusselt number
uncertainty is approximately ±6.0%. This uncertainty magnitude
represents the maximum value which is encountered for all test
conditions within the present investigation. As such, the inﬂuences
of all relevant quantities to Nusselt number uncertainty are
Table 1
Experimental uncertainty magnitudes for the local Nusselt number, and quantities
employed to determine the local Nusselt number.

10
10

Quantity

Experimental uncertainty (%)

Aht
D
Tw
Toj

a

1.394
4.919
2.706
0.722
0.541

Nu

6.043
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considered, including contributions from the uncertainty in
measured local surface temperature.
3. Experimental results
The impingement test plate conﬁgurations and the experimental test conditions of the present investigation are presented in
Table 2.
3.1. Discharge coefﬁcients
Discharge coefﬁcients represent average values for all of the
impingement holes on a particular test plate, and are presented
in Fig. 4. Here, the discharge coefﬁcients for Z/D of 5 and 12 generally increase slightly as the Z/D value increases. When Z/D = 1.5, CD
values are generally lower than other Z/D values (when compared
at constant hole spacing), as a result of greater ﬂow conﬁnement,
which increases as the jet-to-target plate distance decreases. In
addition, CD values for Z/D = 1.5 are higher for 12D hole spacing
than for the 5D hole spacing. This is due to increased interactions
between adjacent jets, with greater second law losses, for the more
dense hole array. Overall, these data illustrate appropriate performance of the cooling supply system for the impingement facility,
without the presence of leaks or obstructions producing unnecessary pressure decreases.

Fig. 4. Discharge coefﬁcient variations with Z/D for hole spacing of 5D and 12D at a
constant Rej of 8000.

3.2. Spatially-resolved local Nusselt numbers
Spatially-resolved surface Nusselt number distributions are
presented in Figs. 5–7 for the three different jet hole spacings of
5D, 8D, and 12D, respectively. These data are provided for a constant impingement jet Reynolds number Rej of approximately
8000. Associated respective Mach numbers Ma, according to
Table 2, are between approximately 0.10 and 0.14. Because these
values are less than 0.25, little or no Mach number dependence
is expected [15]. The different views of the test surface in Figs. 5–
7 are due to different infrared camera views of the target plate, as
different impingement plates with different hole spacing are
employed.
For each of the three hole spacings, Figs. 5–7 show that the
qualitative distributions of local Nusselt numbers produced by
each impingement jet are similar, with good periodic repeatability
in the spanwise direction for each streamwise row of impact locations. Note that the highest local maximum Nusselt numbers in
Figs. 5 and 6 for X/D and Y/D equal to 5 and 8 appear to be
associated with Z/D = 3.0. In contrast, Fig. 7 for X/D = Y/D = 12
shows that the highest local maximum Nusselt numbers appear
to be associated with Z/D = 5.0. The local Nusselt number for 5D
Table 2
Impingement test plate conﬁgurations and experimental test conditions.
X/D,
Y/D

Rej

Ma

Z/
D

Hole
diameter
(mm)

Plate
thickness
(mm)

Hole spacings
(mm)

5
5
5
5

8000
8000
8000
8000

0.14
0.11
0.10
0.10

1.5
3.0
5.0
8.0

4.5
4.5
4.5
4.5

4.5
4.5
4.5
4.5

22.5
22.5
22.5
22.5

8
8
8
8

8200
8200
8200
8200

0.13
0.11
0.10
0.10

1.5
3.0
5.0
8.0

4.5
4.5
4.5
4.5

4.5
4.5
4.5
4.5

36
36
36
36

12
12
12
12

8000
8000
8000
8000

0.14
0.13
0.13
0.13

1.5
3.0
5.0
8.0

3.5
3.5
3.5
3.5

3.5
3.5
3.5
3.5

42
42
42
42

Fig. 5. Local Nusselt number variations for Rej  8000 for different Z/D values and
X/D = Y/D = 5: (a) Z/D = 1.5, (b) Z/D = 3.0, (c) Z/D = 5.0, (d) Z/D = 8.0.

and 8D hole spacing in Figs. 5 and 6 are also higher than for 12D
hole spacing in Fig. 7. This is a result of the cumulative effects of
the interactions between adjacent jets, and the resulting crossﬂows for an arrangement where the jets are more closely spaced
together.
Figs. 5–7 also generally show that local Nusselt number peak
values generally become smaller at successive x/D locations for

11
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Fig. 6. Local Nusselt number variations for Rej  8200 for different Z/D values and
X/D = Y/D = 8: (a) Z/D = 1.5, (b) Z/D = 3.0, (c) Z/D = 5.0, (d) Z/D = 8.0.

each value of Z/D, due to the detrimental effects of spent air crossﬂow on surface heat transfer coefﬁcients. Several exceptions are
evident, including the surface Nusselt number distribution for
Z/D = 1.5 with 5D hole spacing, which is presented in Fig. 5a. Such
behavior is a consequence of augmented ﬂow mixing and
increased local turbulent transport levels. These occur at this
experimental condition because the dense hole array and the small
jet-to-target plate distance result in increased interactions
between adjacent jet ﬂuid concentrations, and between the
impingement jet ﬂuid and surrounding cross-ﬂows.
Figs. 8–10 present comparisons of local surface Nusselt number
distributions for three different hole spacings X/D = Y/D of 5D, 8D,
and 12D, respectively. These results are given for a constant
impingement jet Reynolds numbers of approximately 8000, and
for normalized jet-to-target plate distances Z/D of 1.5, 3.0, 5.0,
and 8.0. Each set of local Nusselt number data are presented as
dependent upon y/D for particular values of x/D, and as dependent
upon x/D for particular values of y/D. For each of the three hole
spacings, local Nusselt numbers at each x/D and y/D location generally decrease continually in a periodically repeating fashion with
increasing x/D. The largest decreases with x/D are present with 5D
hole spacing, whereas the smallest decreases are evident when the
hole spacing is 12D. Such variations are a direct result of the intensity of the cross-ﬂows which develop within the impingement passage. Such cross ﬂows increase as the hole spacing becomes less
and the hole spacing arrangements are more dense, and as
impingement ﬂow passages are more conﬁned with smaller Z/D
values. Additional discussion of cross-ﬂow effects is provided by
Yang et al. [24], who also present numerical visualizations of
impingement jet trajectories, as well as by Chauhan and Thakur

Fig. 7. Local Nusselt number variations for Rej  8000 for different Z/D values and
X/D = Y/D = 12: (a) Z/D = 1.5, (b) Z/D = 3.0, (c) Z/D = 5.0, (d) Z/D = 8.0.

[25], who provide impingement heat transfer and friction factor
correlations. Another recent investigation by Gao [26] compares
experimental data from in-line impingement arrays to correlations
from Kercher and Tabakoff [1] and from Florscheutz et al. [6].
According to this investigator, both correlations ‘‘over-estimate
the heat transfer coefﬁcient for the ﬁrst impingement jet row
and under-predict the heat transfer coefﬁcient for strong crossﬂow situations.’’
Exceptions are evident for 5D hole spacing and Z/D of 1.5 in
Fig. 8b, and for 5D hole spacing and Z/D of 3.0, also in Fig. 8b. For
these situations, increases in local mixing and local turbulent
transport levels are more important than the cross-ﬂows, in regard
to their inﬂuence in altering local Nusselt numbers.
Figs. 8–10 additionally show that the highest local maximum
Nusselt numbers are generally associated with Z/D of 3.0 (when
X/D = Y/D = 5 and X/D = Y/D = 8) and with Z/D of 5.0 (when
X/D = Y/D = 12). Associated local Nusselt number values also generally decrease as Z/D increases, relative to these values, at most all
x/D and y/D values. Such variations are especially apparent in
Fig. 8 when denser hole spacing is employed. This is due to diminished coherence of the shear layers which form around each jet.
The associated Kelvin–Helmholtz generated vortices, which occur
as jet advection distances become larger, also play a role in altering
local surface Nusselt number distributions [16–22]. According to
Lee et al. [23], associated overall and local Nusselt number changes
with Z/D (at most all x/D and y/D values) are due to the competing
inﬂuences of jet/shear layer coherence, and Kelvin–Helmholtz
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Fig. 10. Local Nusselt number variations for Rej8000 for different Z/D values and
X/D = Y/D = 12: (a) variations with y/D for x/D = 30, (b) variations with x/D for
y/D = 0.

Fig. 8. Local Nusselt number variations for Rej8000 for different Z/D values and
X/D = Y/D = 5: (a) variations with y/D for x/D = 20, (b) variations with x/D for y/D = 5.

generated vortices. In general, the former are believed to be more
inﬂuential for smaller jet advection distances, whereas the latter
are likely more important as jet advection distances become larger.
For the 5D and 8D hole spacing, the inﬂuences of surrounding
jets, including the cumulative accumulation of cross-ﬂows from
sequential rows of jets, reduces the effectiveness of each individual
jet by increasing amounts with streamwise development. The
accumulated cross-ﬂow causes each impingement jet concentration to deﬂect and bend in the downstream direction. This
distributes the impingement coolant concentrations over larger
volumes, which often makes jet coolant concentrations less coherent, as shear stress magnitudes adjacent to impingement jet
concentrations are redistributed. As a result, periodic variations
of surface Nusselt numbers generally decrease with streamwise
development. With larger hole spacing of 12D, cumulative crossﬂow mass velocities are smaller, and the inﬂuences of surrounding
jets are weaker because the behavior of each impingement jet
approximates that of a single jet.
Note that x/D and y/D ranges of values, and the numbers of
impingement jet events are different in Figs. 8–10, as well as in
many ﬁgures which follow. This is because the dimensional ﬁeld
of view of the camera is approximately invariant. In addition,
impingement holes with different diameters (with associated conﬁguration parameters scaled accordingly) are utilized (as listed in
Table 2). As a result, Fig. 8b provides evidence of approximately
5 primary and 4 secondary impingement jet events, whereas
Fig. 9b and Fig. 10b provide evidence of approximately 3 primary
and 3 secondary impingement jet events.
3.3. Line-averaged Nusselt numbers
Figs. 11–13 present Nusselt numbers which are line-averaged
over y/D from –5.0 to +5.0 for a hole spacing of 5D, from 8.0 to

Fig. 9. Local Nusselt number variations for Rej8200 for different Z/D values and
X/D = Y/D = 8: (a) variations with y/D for x/D = 20, (b) variations with x/D for y/D = 4.
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Fig. 11. Line-averaged Nusselt numbers as dependent upon x/D for different Z/D
values, Rej  8000, and X/D = Y/D = 5.

values become lower and lower as the impingement ﬂows advect
downstream. For 12D hole spacing in Fig. 13, line-averaged Nusselt
numbers show somewhat less variation with x/D. This is partially
because the large hole spacing causes the behavior of each
impingement jet to approximate that of a single jet.
Within Fig. 11, the X/D = Y/D = 5 and Z/D = 1.5 data set, and the
X/D = Y/D = 5 and Z/D = 3.0 data set show important deviations and
different qualitative trends, compared to most other results at different values of X/D, Y/D, and Z/D. Here, line-averaged Nusselt numbers decrease as x/D approaches 30. Line-averaged Nusselt number
values then increase somewhat as x/D increases further. This is due
to: (a) the cross-ﬂow accumulation of impingement coolant where
the ﬂow is conﬁned and restricted, (b) extra mixing caused by
coolant interactions, and (c) interactions between accumulated
cross-ﬂows and impingement jet ﬂuid from different rows of holes.
The overall consequence is increased magnitudes of local
shear stress and local turbulent transport within the conﬁned
downstream portions of the impingement cooling passage.

3.4. Spatially-averaged Nusselt numbers

Fig. 12. Line-averaged Nusselt numbers as dependent upon x/D for different Z/D
values, Rej8200, and X/D = Y/D = 8.

Spatially-averaged Nusselt numbers for Z/D values of 1.5, 3.0,
5.0, and 8.0 are presented in Figs. 14–17, respectively, as dependent upon x/D. In each ﬁgure, data are presented for jet hole spacings X/D = Y/D of 5, 8, and 12. Each spatially-averaged value is
determined over an area which extends over an x/D range from
2.5 to + 2.5 for 5D hole spacing, 4.0 to + 4.0 for 8D hole spacing,
and 6.0 to + 6.0 for 12D hole spacing, relative to each streamwise
row location. Each value is also averaged over a y/D range comprised of one or two complete periods of local spanwise Nusselt
number variation. Here, the spatially-averaged Nusselt numbers
for 8D jet hole spacing are generally higher than values for 12D
jet hole spacing at each x/D location. The data for 12D jet hole spacing also show less variation with x/D, which is consistent with
lower magnitudes of cross-ﬂow.
Figs. 14–17 show that spatially-averaged Nusselt numbers for
8D and 12D hole spacings generally decrease at successive x/D
locations when Z/D is either 1.5, 3.0, 5.0, or 8.0. In contrast,
Fig. 14 for Z/D = 1.5 shows that the 5D hole spacing data initially
decrease as x/D increases. As this occurs, spatially-averaged Nusselt number values for 5D and 8D hole spacings are similar in magnitude for x/D < 20, regardless of the value of Z/D. However, as x/D
exceeds 30, spatially-averaged X/D = Y/D = 5 Nusselt numbers in
Fig. 14 then increase substantially with streamwise development.
This behavior is due to the cross-ﬂow accumulation of impingement coolant within the downstream conﬁned coolant passage,

Fig. 13. Line-averaged Nusselt numbers as dependent upon x/D for different Z/D
values, Rej  8000, and X/D = Y/D = 12.

+8.0 for a hole spacing of 8D, and from 12.0 to +12.0 for a hole
spacing of 12D, respectively. Comparisons of the data in the three
ﬁgures show that line-averaged Nusselt number data generally
increase at each x/D as Z/D approaches 3.0 when X/D = Y/D = 5, as
Z/D approaches 3.0 when X/D = Y/D = 8, and as Z/D approaches 5.0
when X/D = Y/D = 12. As such, the present results illustrate different Nusselt number dependence upon jet-to-target plate distance,
as array hole spacing changes. Consideration of these results at
particular values of hole spacing and Z/D shows that periodic
line-averaged Nusselt numbers generally decrease at the successive x/D locations, such that successive maximum and minimum

Fig. 14. Spatially-averaged Nusselt numbers as dependent upon x/D for different
hole spacings (X/D = Y/D) values, Rej  8000, Z/D = 1.5.
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Fig. 15. Spatially-averaged Nusselt numbers as dependent upon x/D for different
hole spacings (X/D = Y/D) values, Rej  8000, Z/D = 3.0.
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Fig. 18. Spatially-averaged Nusselt numbers as dependent upon Z/D for different
x/D values, Rej  8000, and X/D = Y/D = 5.

Fig. 16. Spatially-averaged Nusselt numbers as dependent upon x/D for different
hole spacings (X/D = Y/D) values, Rej  8000, Z/D = 5.0.

Fig. 19. Spatially-averaged Nusselt numbers as dependent upon Z/D for different
x/D values, Rej  8000, and X/D = Y/D = 8.

Fig. 17. Spatially-averaged Nusselt numbers as dependent upon x/D for different
hole spacings (X/D = Y/D) values, Rej  8000, Z/D = 8.0.

Fig. 20. Spatially-averaged Nusselt numbers as dependent upon Z/D for different
x/D values, Rej  8000, and X/D = Y/D = 12.

extra mixing caused by coolant interactions, and interactions
between cross-ﬂows and impingement jets from different rows
of holes, as mentioned earlier.
When Z/D equals 3.0, 5.0, or 8.0, the data trends for the X/D =
Y/D = 5 data in Figs. 15–17 are substantially different compared
to results for X/D = Y/D equal to 8 and 12. For all three Z/D values,
the X/D = Y/D = 5 data show more substantial decreases with
streamwise development compared to X/D = Y/D = 8 and X/D =
Y/D = 12 data. This larger decrease with streamwise development
is due to the detrimental effects of cross ﬂows, which are more
substantial for the smaller hole spacing. This cross-ﬂow detriment
from smaller hole spacing is present regardless of the value of Z/D,
provided Z/D P 3.0.

Figs. 18–20 present spatially-averaged Nusselt numbers as
dependent upon Z/D for different x/D locations and for each jet hole
spacings of 5D, 8D, and 12D, respectively. All of these data are provided for a constant Reynolds number Rej of approximately 8000.
In general, spatially-averaged Nusselt numbers are often higher
as jet hole spacing (X/D = Y/D) decreases because of greater
accumulations of coolant within the impingement ﬂow passage.
Figs. 18 and 19 show that the highest spatially-averaged Nusselt
numbers for 5D and 8D hole spacings are generally present for
Z/D = 3.0. Fig. 20 for 12D jet hole spacing shows that spatiallyaveraged Nusselt numbers are highest for Z/D = 5.0.
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4. Summary and conclusions

Acknowledgements

New impingement heat transfer data are presented, which illustrate the effects of impingement cross-ﬂows, especially their detrimental inﬂuences in reducing local surface Nusselt numbers as the
impingement jets are deﬂected and become less coherent. A constant impingement jet Reynolds number of 8000 is employed, with
jet Mach numbers of approximately 0.10 to 0.14. Jet-to-target plate
distances Z of 1.5D, 3.0D, 5.0D, and 8.0D are utilized, where D is the
impingement hole diameter, with non-dimensional streamwise
and spanwise hole spacings, X/D and Y/D, of 5.0, 8.0, and 12.0.
The thickness of each impingement plate is 1.0D. Each hole array
investigated is arranged with a staggered arrangement from each
streamwise row to the next.
In general, the impingement passage cross-ﬂows which accumulate are detrimental to local Nusselt number performance,
especially for denser hole arrays with 5D and 8D hole spacing.
The accumulated cross-ﬂow causes each impingement jet concentration to deﬂect and bend in the downstream direction. This distributes the impingement coolant concentrations over larger
volumes, which often makes jet coolant concentrations less coherent, as shear stress magnitudes adjacent to impingement jet concentrations are redistributed. Also important are the interactions
of the Kelvin–Helmholtz vortex structures which initially form
around the jets and then impact and then advect away from stagnation points along the impingement target surface. Thus, the
inﬂuences of surrounding jets, including the cumulative accumulation of cross-ﬂows from sequential rows of jets, cause the effectiveness of each individual jet to diminish by greater amounts as these
jets are located farther downstream. As a result, periodic variations
of surface Nusselt numbers generally decrease with streamwise
development, and local Nusselt number peak values for hole spacings of 5D, 8D, and 12D generally become smaller at successive x/D
locations for each value of Z/D. In particular, for all three Z/D values,
the X/D = Y/D = 5 data show more substantial decreases with
streamwise development compared to X/D = Y/D = 8 and X/D =
Y/D = 12 data. This larger decrease is due to more substantial cross
ﬂows for the smaller hole spacing. With larger hole spacing of
12D, cumulative crossﬂow mass velocities are smaller, and the
inﬂuences of surrounding jets are weaker because the behavior
of each impingement jet approximates that of a single jet.
Of particular importance are unique situations where signiﬁcant accumulation of cross-ﬂow ﬂuid results in an opposite trend,
with augmented local Nusselt numbers with streamwise development. In the present investigation, this occurs for X/D = Y/D = 5 and
Z/D = 1.5, and for X/D = Y/D = 5 and Z/D = 3.0. For these situations,
local, line-averaged and spatially-averaged Nusselt numbers
decrease as x/D approaches 30. Nusselt number values then
increase as x/D increases further. This is a result of: (i) the crossﬂow accumulation of impingement coolant where the ﬂow is conﬁned and restricted, (ii) extra mixing caused by vigorous coolant
interactions, and (iii) interactions between accumulated crossﬂows and impingement jet ﬂuid from different rows of holes. The
overall consequence is increased magnitudes of local shear stress
and local turbulent transport within the conﬁned downstream portions of the impingement cooling passage. Such arrangements
should be utilized wherever possible to optimize local heat transfer
efﬁciency.
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CHAPTER 3
CROSSFLOWS FROM JET ARRAY IMPINGEMENT COOLING: HOLE SPACING, TARGET
PLATE DISTANCE, REYNOLDS NUMBER EFFECTS

This chapter is a reprint of a paper published the International Journal of Thermal Sciences,
2015. Authors are J. Lee, Z. Ren, P. M. Ligrani, M. D. Fox, and H.-K. Moon.

17

International Journal of Thermal Sciences 88 (2015) 7e18

Contents lists available at ScienceDirect

International Journal of Thermal Sciences
journal homepage: www.elsevier.com/locate/ijts

Crossﬂows from jet array impingement cooling: Hole spacing, target
plate distance, Reynolds number effects
Junsik Lee a, Zhong Ren b, Phil Ligrani b, *, Michael D. Fox c, Hee-Koo Moon c
a

Parks College of Engineering, Aviation, and Technology, Saint Louis University, 3450 Lindell Boulevard, St. Louis, MO 63103, USA
Propulsion Research Center, Department of Mechanical and Aerospace Engineering, College of Engineering, University of Alabama in Huntsville,
Technology Boulevard, Olin B. King Technology Hall S236, Huntsville, AL 35899, USA
c
Aero/Thermal & Heat Transfer, Solar Turbines, Inc., 2200 Paciﬁc Highway, P. O. Box 85376, Mail Zone C-9, San Diego, CA 92186-5376, USA
b

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 16 March 2014
Received in revised form
2 September 2014
Accepted 3 September 2014
Available online

Data which illustrate the combined and separate effects of hole array spacing, jet-to-target plate distance,
and Reynolds number on cross-ﬂows, and the resulting heat transfer, for an impingement jet array are
presented. The array of impinging jets are directed to one ﬂat surface of a channel which is bounded on
three sides. Considered are Reynolds numbers ranging from 8000 to 50,000, jet-to-target plate distances
of 1.5D, 3.0D, 5.0D, and 8.0D, and steamwise and spanwise hole spacing of 5D, 8D, and 12D, where D is
the impingement hole diameter. In general, the cumulative accumulations of cross-ﬂows, from
sequential rows of jets, reduce the effectiveness of each individual jet (especially for jets at larger
streamwise locations). In other situations, the impingement cross-ﬂow results in locally augmented
Nusselt numbers. Such variations most often occur at larger downstream locations, as jet interactions are
more vigorous, and local magnitudes of mixing and turbulent transport are augmented. This occurs in
channels at lower Reynolds numbers, where impingement jets are conﬁned by smaller hole spacing, and
smaller jet-to-target plate distance. The overall result is complex dependence of local, line-averaged, and
spatially-averaged Nusselt numbers on hole array spacing, jet-to-target plate distance, and impingement
jet Reynolds number.
© 2014 Elsevier Masson SAS. All rights reserved.

Keywords:
Nusselt number
Impingement cooling
Jet hole array
Jet-to-target plate distance
Impingement jet
Heat transfer augmentation

1. Introduction
The present impingement cooling investigation is applicable for
cooling of leading edge regions of turbine blades and vanes, as well
as for combustion chamber liners, transition pieces, and splash
plates. Considered are the separate and combined effects of jet-totarget plate distance, Reynolds number, and hole spacing within
the impingement array.
Of other recent investigations which consider similar effects in
ﬂows with low Mach numbers, and relatively low speeds, Kercher
and Tabakoff [1] present spatially-averaged surface heat transfer
coefﬁcients beneath an array of impinging jets with an in-line
arrangement. Spent air ﬂow from the impingement array exits
the ﬂow passage in one direction. Reynolds numbers range from
3  102 to 3  104, with X/D and Y/D from 3.1 to 12.5, and Z/D from
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1.0 to 4.8. Results show that Reynolds number, and streamwise/
spanwise hole spacing are the most important parameters which
affect magnitudes of spatially-averaged heat transfer coefﬁcients.
The inﬂuences of cross-ﬂow on a single line of jets, emerging from
circular holes, placed on one wall of a channel, are considered by
Metzger and Korstad [2]. These researchers also consider target
spacing, and show that target spacing, jet Reynolds number, and
the relative strengths of the jet ﬂow and the crossﬂow inﬂuence
heat transfer on the target wall. Jet-to-target-plate distance inﬂuences are also investigated by Chance [3]. Considered is lowspeed impingement cooling with spent air constrained to ﬂow
out only one side of the ﬂow passage. Larger static pressure variations and higher cross-ﬂow velocities are observed as jet-totarget-plate distance decreases. Addressed are Reynolds numbers
from 6  103 to 5  104. Square, equilateral triangle, and rectangular
jet arrays are used, with ratios of impingement to surface absolute
temperature of 0.77, 1.27, and 1.54.
Metzger et al. [4] indicate that in-line jet impingement hole
patterns provide better heat transfer than staggered arrangements
for low-speed environments. Investigated are Z/D values of 1, 2, and
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Nomenclature

Tb

A
Aht
ca
D
k
m_
Ma
Mi
N
Nu
Nu

impingement hole area
heat transfer area on the target plate
impingement air ﬂow sonic velocity
diameter of an individual impingement hole
ratio of speciﬁc heats
impingement air mass ﬂow rate
impingement air ﬂow Mach number
impingement air ﬂow ideal Mach number
number of impingement holes
local Nusselt number
line-averaged Nusselt number

Ti
Tj
Toj
Ttc

Nu
Pa
Q
qcb
qcf

spatially-averaged Nusselt number
impingement air static pressure
total power provided to the thermofoil heater
convection heat ﬂux from back side of the target plate
convection heat ﬂux from front side (or impingement
side) of the target plate
radiation heat ﬂux from front side (or impingement
side) of the target plate
ideal gas constant
impingement air ﬂow Reynolds number

qrf
R
Rej

3, X/D and Y/D ranging from 6 to 32, and Reynolds numbers from
5  103 to 2  104. Florschuetz et al. [5] describe another low-speed
investigation wherein Reynolds numbers range from 2.5  103 to
7  104. Considered are inline and staggered hole patterns, Z/D from
1 to 3, X/D from 5 to 15, and Y/D from 4 to 8. Impinging air is
constrained to exit in a single direction from the channel formed
between the impingement plate and the target plate. Included is a
correlation which gives Nusselt number dependence on ﬂow parameters, jet impingement plate geometry, Prandtl number, and
Reynolds number. Effects of jet-to-target-plate distance in low
speed ﬂows are also considered by Obot and Trabold [6]. In this
investigation, considered are impingement jet Reynolds numbers
from 1  103 to 2.1  104, Z/D values from 2 to 16, X/D values of 5 and
10, and Y/D values of 4 and 8. According to these investigators, for a

TW
ua
x
y
z
X
Y
Z

a
ra
m

local temperature on the back surface of the
polystyrene target plate
impingement air ideal static temperature
impingement air static temperature
impingement air stagnation temperature
local thermocouple temperature between the heater
and the polystyrene target plate
local target surface temperature on the surface of the
heater adjacent impingement air
impingement air velocity
streamwise coordinate
spanwise coordinate
normal coordinate
streamwise distance between centerlines of adjacent
impingement holes
spanwise distance between centerlines of adjacent
impingement holes
distance between target plate and impingement hole
plate
air thermal conductivity
impingement air static density
absolute viscosity

given crossﬂow scheme and constant jet diameter D, higher heat
transfer coefﬁcients are obtained as the number of jets over a ﬁxed
target area increases.
San et al. [7] present correlation equations, also for low-speed
arrangements, which show that stagnation Nusselt numbers are
proportional to the 0.7 power of Reynolds number, and the 0.49
power of the ratio of jet plate width to jet diameter. Investigated
are ratios of jet target distance to jet diameter from 1 to 4, lateral
and streamwise jet spacing ratios from 4 to 8, ratios of jet plate
width to jet diameter ratio from 6.25 to 18.75, and Reynolds
numbers from 5  103 to 1.5  104. Miao et al. [8] consider ﬂuid
ﬂow and heat transfer characteristics of round jet arrays impinging
orthogonally onto a ﬂat-plate with conﬁned walls and different
crossﬂow arrangements. Computational ﬂuid dynamics results are

Fig. 1. Impingement ﬂow facility.
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layers which form adjacent to impingement jets. In addition, the
interactions of the vortex structures which initially form around
the jets change as different parameters are varied, especially as they
then impact and then advect away from stagnation points along the
impingement target surface. The present investigation is also
important because high-accuracy, spatially-resolved, local Nusselt
number distributions are included, along with line- and spatiallyaveraged Nusselt number results.

obtained for in-line and staggered hole arrays, with parallel,
hybrid, and counter cross-ﬂow conﬁgurations. Jet Reynolds
numbers range from 2.44  103 to 1.46  104, and Z/D values of 1,
3, and 6 are utilized. According to these investigators, the thermal
performance of multiple jet impingement is enhanced when Z/D
decreases from 6 to 3, which is illustrated by correlation equations
for area-averaged Nusselt number as dependent upon jet Reynolds
number. Vadiraj and Prabhu [9] consider the inﬂuences of spanwise pitch jet spacing on local heat transfer distributions for inline rectangular arrays of jets. Impingement jet Reynolds
numbers range from 3  103 to 1  105, jet-to-target plate spacing
ranges from 1 to 3 hole diameters, the X/D value is 5, and Y/D
values vary from 2 to 6.
The present study provides experimental data for impingement
conﬁgurations and ﬂow conditions which have not been previously
investigated. Of particular importance are new impingement heat
transfer data which illustrate the combined and separate effects of
hole array spacing, jet-to-target plate distance, and Reynolds
number on cross-ﬂows for an impingement jet array. Included is
conduction analysis of the impingement cooling array target surface. The impingement holes are arranged with a staggered array
from one streamwise row to the next. The thickness of each
impingement plate is 1D, where D is the impingement hole diameter. Considered are Reynolds numbers ranging from 8000 to
50,000, jet-to-target-plate distances of 1.5D, 3.0D, 5.0D, and 8.0D,
and steamwise and spanwise hole spacings of 5D, 8D, and 12D.
Mach numbers range from 0.10 to 0.22, and as such, are low enough
that spatially-averaged Nusselt number data generally show no
Mach number dependence. Presented are local, line-averaged, and
spatially-averaged target surface Nusselt numbers.
The present study is also different from many other impingement array investigations [1e3,6e9] because a staggered hole array
is utilized. Compared to other studies wherein staggered hole arrays are also employed [4,5], the present results are different
because a wider range of Z/D values are employed, and because the
combined and separate effects of jet-to-target plate distance, jet
array hole spacing, and impingement jet Reynolds number are
considered. This is signiﬁcant because different jet-to-target-plate
distances, with different hole spacings at different Reynolds
numbers, result in different amounts of coherence of the shear

2. Experimental apparatus and procedures
2.1. Impingement ﬂow facility, and impingement plate
Schematic diagrams of the laboratory facility used for heat
transfer measurements are presented in Figs. 1 and 2. The facility is
constructed of 6.1 mm thick ASTM A38 steel plates, and A53 Grade
B ARW steel piping. The air stream through the plenums and
channel is drawn from the laboratory atmosphere. To achieve the
Reynolds number of the present study, a New York Blower Co.
7.5 HP, size 1808 pressure blower is employed. The air mass ﬂow
rate provided to the test section is measured using an ASME standard oriﬁce plate, ﬂow-mounted calibrated copper-constantan
thermocouples, and Validyne DP15-22 and DP15-32 pressure
transducers (with diaphragms rated at 1.40 and 14.0 kPa, respectively) connected to Validyne Model CD15 Carrier Demodulators.
Each of these thermocouples measures recovery temperature,
which is used with local velocity magnitude to determine gas static
temperature. The blower exits into a series of two plenums arranged in series, where the upstream plenum is 0.63 m in length
along each side, and the downstream plenum dimensions are
0.63 m long, 0.77 m tall, and 0.77 m wide. A Bonneville cross-ﬂow
heat exchanger is located within each plenum. As the air exits the
heat exchanger, and the second plenum, the air passes into a 0.22 m
outer diameter pipe, which contains the ASME Standard oriﬁce
plate employed to measure the air mass ﬂow rate. This pipe then
connects to the 0.635 m by 0.635 m side of a plenum. Upon entering
this plenum, the air ﬁrst encounters a ﬂow bafﬂe to distribute the
ﬂow, and a honeycomb and screens to straighten the ﬂow. These
are followed by the upper plenum, located below the honeycomb
and ﬂow straightening devices (as shown in Fig. 2), with top dimensions of 0.635 m and 0.635 m, and height of 0.40 m.
Individual plates with holes used to produce the impingement
jets are located at the bottom of this plenum, as shown in Fig. 2. The
plenum is thus designed so that different impingement plates can
be installed at this location. Fig. 3 shows that each impingement
plate consists of 7e10 rows of holes in the streamwise direction,
arranged so that holes in adjacent rows are staggered with respect
to each other. With this arrangement, from 3 to 10 holes are located
in each streamwise row. The spacing between holes in the
streamwise direction X is either 5D, 8D, or 12D, and the spacing
between holes in the spanwise direction Y is either 5D, 8D, or 12D.
The thickness of each impingement plate is 1D. The spacing between the hole exit planes and the target plate is denoted Z/D, with
values employed in the present investigation of 1.5, 3.0, 5.0, and 8.0.
Note that the coordinate systems employed are also shown in Fig. 3.
The impingement cooling ﬂow which issues from these holes is
contained within the channel formed by the impingement jet plate
and the target surface, and is constrained to exit in a single direction, which here, is denoted as the x-direction. This channel is
called the lower plenum or impingement plenum. The impingement plenum channel is made up of a volume of air between the
target and jet impingement plate, with 4D spanwise margins on
each side. In the present study, the hole diameter size, D, blower,
mass ﬂow rate, and pressure level are employed so that the Mach
number ranges from 0.1 to 0.2 and the Reynolds number is between

Fig. 2. Impingement ﬂow facility test section, including impingement plenum, and
impingement channel.
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7700 and 52,000. This range of Mach numbers are selected because
previous investigations show that local and spatially-averaged
Nusselt numbers show no dependence on Mach number, when
values are less than approximately 0.25.
2.2. Target plate test surfaces for measurements of surface Nusselt
numbers
Local surface Nusselt numbers are measured on a heated target
plate, which is comprised of polystyrene layer which is 1.31 mm
thick, and an attached heater, which is approximately 0.29 mm
thick, giving a total target plate thickness of 1.60 mm. The size of
the target plate is 126 mm by 254 mm. The heater is located
adjacent to the air stream with the impinging air jets, and the back
side of this polystyrene plate is viewed by the infrared camera as
spatially-resolved measurements of surface temperature are
obtained.
The target plate is mounted on the bottom surface of the
impingement plenum. Eight type-T copper-constantan thermocouples are placed at different streamwise and spanwise locations
within the polystyrene target plate so that each senses a different
temperature as data are acquired. These provide measurements of
local surface temperatures, after correction for thermal contact
resistance and temperature drop through the 0.016 cm thickness of
polystyrene. Thermocouple lead wires are placed in grooves along
the polystyrene, and bonded into place with epoxy having
approximately the same thermal conductivity as polystyrene, to
minimize thermal disturbances resulting from their presence. The
custom-made HK5184R26 thermo-foil heaters are manufactured by
Minco Products Inc. Each heater is encased between two layers of
DuPont Kapton polyimide ﬁlm. This heater provides a constant
surface heat ﬂux boundary condition adjacent to the impingement
air stream. Each target plate assembly is mounted within a frame to
minimize distortion and shape variations which may occur as heat
transfer tests are underway. Each target plate is also replaced after 3
or 4 test sequences with a new plate, because of shape changes
which occur within the plates when they are utilized for more than
this number of repeated test sequences.
Additional target plate test surface details are provided by Park
et al. [10] and Goodro et al. [11].
2.3. Local impingement air pressure and temperature
measurements
As shown in Fig. 2, three wall static pressure taps are located on
the surface of the upper plenum. Two wall pressure taps are also
located on the surface of the lower plenum for measurement of
local static pressures. As tests are conducted, calibrated Validyne
Model DP15-22 and DP15-32 pressure transducers driven by Validyne Model CD15 Carrier Demodulators are used to sense pressures from these static pressure taps. Local air ﬂow recovery
temperatures are measured using 2 U T-type copper-constantan
thermocouples located in the central part of the lower plenum,

Table 1
Experimental uncertainty magnitudes for the local Nusselt number, and quantities
employed to determine the local Nusselt number.
Quantity

Xi

0.03175 m2
0.015 m
36.35  C
22.9  C
a
0.0226 W/(m K)
Total Nusselt number uncertainty (percent)

Aht
D
TW
Toj

Fig. 3. Impingement test plate conﬁgurations. (a) X/D ¼ Y/D ¼ 5. (b) X/D ¼ Y/D ¼ 8. (c)
X/D ¼ Y/D ¼ 12.
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dXi
0.0005
0.00025
0.85
0.15
0.000138
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Fig. 4. Local surface Nusselt number variations for Rej z 30,000 for different Z/D values and X/D ¼ Y/D ¼ 5. (a) Z/D ¼ 1.5. (b) Z/D ¼ 3.0. (c) Z/D ¼ 5.0. (d) Z/D ¼ 8.0.

from this unit are acquired by the computer through its USB port,
using LABVIEW 10.0 software.
An iterative procedure is then used to determine the impingement static temperature Tj, and the impingement ﬂow Mach
number Ma. With impingement static temperature Tj, impingement
ﬂow Mach number Ma, and other parameters known, the

and three copper-constantan thermocouples located in the central
part of the upper plenum. Voltages from the carrier demodulators
and all thermocouples employed in the study are read sequentially
using National Instruments NI-USB 6210 and NI-USB 9162 Data
Acquisition terminals, respectively. These terminals relay the information to a Dell Precision T3500 computer. The voltage outputs
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the local temperature on the back surface of the polystyrene target
plate, adjacent to the surrounding ambient air environment. Also
required for this analysis is Ttc, the local temperature within the
target plate between the heater and the polystyrene plate, which is
determined from thermocouple measurements. With these temperatures known, the radiation heat ﬂux and the convection heat
ﬂux from the back side of the target plate, qrb and qcb, respectively,
are determined [10,11]. The radiation heat ﬂux qrf on the front (or
impingement side) of the target plate is determined using the
appropriate analytic and empirical equations [10,11]. Note that TW,
the local target surface temperature on the surface of the heater
adjacent impingement air, must be known to determine qrf.
Because of the inter-dependence of TW, qrf, and qcf (the convection
heat ﬂux from the front side or impingement side of the target
plate), an iterative procedure is required to determine these
quantities. The next part of this procedure uses a one-dimensional
conduction analytical model for the heater, which includes source
generation of thermal energy, to provide a relation between TW, Ttc,
and qcf. Also included in the analysis is thermal contact resistance
between the internal thermocouples and the adjacent heater. This
one-dimensional conduction approach is employed since magnitudes of lateral conduction within the target plate are very small
and mostly insigniﬁcant (from three-dimensional analyses), relative to impingement convective heat ﬂux levels.
The convection heat ﬂux from the front side (or impingement
side) of the target plate is then given by.

impingement Reynolds number is subsequently given by an equation of the form.

Rej ¼ ra ua D=m

(1)

_
Note that Rej is equivalent to 4m=pNDm,
where N is the total
number of impingement holes.
A Kiel-type stagnation pressure probe is used to measure the
total pressure in the pipe at a position which is located upstream of
the oriﬁce plate employed to measure mass ﬂow rate. A wall
pressure tap located on the surface of the pipe, and a calibrated
copper-constantan thermocouple positioned within the air stream
are used to sense static pressure and ﬂow recovery temperature,
respectively, at the same streamwise location. Pressures and temperatures measured using the thermocouple, probe, and tap are
sensed and processed using the same types of instrumentation
mentioned earlier. The velocities deduced from this arrangement
are used to provide a cross-check on the velocities deduced from
mass ﬂow rates, which are measured using the ASME standard
oriﬁce plate.
Park et al. [10] and Goodro et al. [11] provide additional measurement details on related apparatus and procedures.
2.4. Local Nusselt number measurements
The power to the thermo-foil heater, mounted on the target
plate, is controlled and regulated using an alternating current to
direct current Price-Putzebeck POW-R-PAC 160 V transformer power supply. The power supply is directed by a covered switchboard
where the voltage is read by a Fluke 8846 A 6.5 Digit Precision
Multimeter, and the amperage is read by both a Simpson 260 Series
8P Ammeter and an Agilent 34401 A Digit Benchtop Multimeter.
Energy balances, and analysis to determine temperature values on
the two surfaces of the target plate, then allow determination of the
magnitude of the total convective power (due to impingement
cooling) for a particular test. To determine the surface heat ﬂux
(used to calculate heat transfer coefﬁcients and local Nusselt
numbers), the total convective power level, provided by the
particular thermo-foil heater employed, is divided by the single
surface area of this heater, denoted Aht.
One step in this procedure utilizes a one-dimensional conduction analysis, which is applied between the surface within the
target plate where the thermocouples are located (between the
heater and the polystyrene target plate), and the ambient air
environment behind the target plate. This is used to determine Tb,

qcf ¼ Q =Aht  qrf  qrb  qcb

(2)

The local Nusselt number is then given as.

 
Nu ¼ qcf D= TW  Toj a

(3)

As impingement heat transfer measurements are made,
spatially-resolved distributions of the target test surface temperature TW are determined using infrared imaging in conjunction with
thermocouples, energy balances, digital image processing, and in
situ calibration procedures. These are then used to determine
spatially-resolved surface Nusselt numbers. To accomplish this, the
infrared radiation emitted by the polystyrene surface of the
impingement test plate is captured using a ImagIR InSB Digital
320  256 infrared camera, which operates at infrared wavelengths
from 5.2 mm to 9.1 mm. Temperatures, measured using the calibrated, copper-constantan thermocouples distributed along the
test surface adjacent to the ﬂow, are used to perform the in situ

Table 2
Impingement test plate conﬁgurations and experimental conditions [14].
X/D, Y/D ¼ 5

X/D, Y/D ¼ 8

X/D, Y/D ¼ 12

Z/D

Rej

Ma

D(mm)

Z/D

Rej

Ma

D(mm)

Z/D

Rej

Ma

D(mm)

1.5
3.0
5.0
8.0
1.5
3.0
5.0
8.0
1.5
3.0
5.0
8.0
1.5
3.0
5.0
8.0

8000
8000
8000
8000
20,000
20,000
20,000
20,000
30,000
30,000
30,000
30,000
50,000
50,000
50,000
50,000

0.14
0.11
0.10
0.10
0.17
0.14
0.14
0.14
0.24
0.21
0.20
0.20
0.21
0.21
0.21
0.21

4.5
4.5
4.5
4.5
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
15
15
15
15

1.5
3.0
5.0
8.0
1.5
3.0
5.0
8.0
1.5
3.0
5.0
8.0
1.5
3.0
5.0
8.0

8200
8200
8200
8200
20,900
20,900
20,900
20,900
31,000
31,000
31,000
31,000
52,000
52,000
52,000
52,000

0.13
0.11
0.10
0.10
0.15
0.14
0.14
0.14
0.23
0.21
0.22
0.21
0.22
0.21
0.21
0.21

4.5
4.5
4.5
4.5
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
15
15
15
15

1.5
3.0
5.0
8.0
1.5
3.0
5.0
8.0
1.5
3.0
5.0
8.0
1.5
3.0
5.0
8.0

8000
8000
8000
8000
20,000
20,000
20,000
20,000
30,000
30,000
30,000
30,000
50,000
50,000
50,000
50,000

0.14
0.13
0.13
0.13
0.13
0.14
0.14
0.13
0.21
0.21
0.21
0.21
0.21
0.20
0.20
0.20

3.5
3.5
3.5
3.5
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
15
15
15
15
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Fig. 5. Local Nusselt number variations for Z/D ¼ 3.0 for different Rej values of 8,000,
20,000, 30,000, and 50,000. (a) 5D hole spacing, spanwise variations. (b) 8D hole
spacing, spanwise variations. (c) 12D hole spacing, spanwise variations.

Fig. 6. Local Nusselt number variations for Z/D ¼ 3.0 for different Rej values of 8,000,
20,000, 30,000, and 50,000. (a) 5D hole spacing, streamwise variations. (b) 8D hole
spacing, streamwise variations. (c) 12D hole spacing, streamwise variations.

calibrations simultaneously as the radiation contours from surface
temperature variations are recorded.
This is accomplished as the camera views the test surface from
behind, as shown in Fig. 2. In general, all eight thermocouple
junction locations are present in the infrared ﬁeld viewed by the
camera. The exact spatial locations and pixel locations of these
thermocouple junctions and the coordinates of the ﬁeld of view are

known from calibration maps obtained prior to measurements.
During this procedure, the camera is focused, and rigidly mounted
and oriented relative to the test surface in the same way as when
radiation contours are recorded. Voltages from the thermocouples
are acquired using the apparatus mentioned earlier.
Images from the infrared camera are recorded as 8-bit gray scale
directly into the memory of a Dell Precision T3500 computer using
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Park et al. [10] and Goodro et al. [11] provide additional details
regarding local Nusselt number measurement apparatus and
procedures.
2.5. Experimental uncertainty estimates
Uncertainty estimates are based on 95 percent conﬁdence levels
and are determined using methods described by Kline and
McClintock [12] and Moffat [13]. Uncertainty of temperatures
measured with thermocouples is ±0.15  C. Spatial and temperature
resolutions achieved with infrared imaging are about
0.1 mme0.2 mm, and 0.4  C, respectively. This magnitude of temperature resolution is due to temperature resolution is due to uncertainty in determining the exact locations of thermocouples with
respect to pixel values used for the in situ calibrations. Of the
different quantities considered, the uncertainty associated with
surface temperature (with a maximum value of approximately
±0.85  C) makes the largest contribution to overall Nusselt number
uncertainty. Note that the overall Nusselt number uncertainty also
includes possible contributions from lateral conduction within the
test plates, although, in general, magnitudes of lateral conduction
(in the x and y directions) are generally insigniﬁcant relative to
overall convective heat ﬂux levels from impingement.
Numerical predictions of target plate internal conduction, using
SC/Tetra Version 10, indicate that Nusselt number variations from
lateral conduction within the target plate are less than the overall
Nusselt number experimental uncertainty. These predictions also
show that lateral conduction magnitudes are very small or negligible for the X/D ¼ Y/D ¼ 5, Rej z 30,000, Z/D ¼ 3.0 test case. As
such, no signiﬁcant alteration of surface Nusselt number distributions or surface temperature distributions are present from lateral
conduction (which occurs in the x and y directions).
Table 1 shows that the total local Nusselt number uncertainty is
approximately ±8.2 percent. This uncertainty magnitude represents the maximum value which is encountered for all test conditions within the present investigation.
3. Experimental results and discussion
3.1. Spatially-resolved local Nusselt numbers
Fig. 4 shows spatially-resolved surface Nusselt number distributions for X/D ¼ Y/D ¼ 5 hole spacing for Rej of approximately 30,000.
From Table 2 [14], associated Mach numbers Ma range between 0.20
and 0.24. Because these values are less than 0.25, little or no Mach
number dependence is present in regard to spatially-averaged.
Nusselt number distributions [10]. Note that a different view of
the test surface is apparent in Fig. 4, compared to local data in the
ﬁgures which follow for other Reynolds number values. This is
because of different infrared camera views of the target plate are
used as different impingement plates are employed. This is because
the impingement plates which are employed are different sizes
with different sizes of hole diameters. Note that Table 2 also provides the dimensional hole diameters utilized to obtain the
different data sets. Changing the impingement plate hole diameter
provides a means to alter the impingement jet air ﬂow Reynolds
number as the impingement jet Mach number is maintained
approximately constant. No other hole diameter or jet size effect is
observed in the present data.
Regardless of the Reynolds number and Z/D value, qualitative
distributions of local Nusselt numbers produced by each impingement jet are generally similar, with good quantitative periodic
repeatability in the spanwise direction for each streamwise row of
impact locations. Note that the highest local maximum Nusselt
numbers in Fig. 4 are associated with Z/D ¼ 3.0 and Z/D ¼ 1.5. Fig. 4

Fig. 7. Line-averaged Nusselt number variations for Z/D ¼ 3.0 for different Rej values of
8,000, 20,000, 30,000, and 50,000. (a) 5D hole spacing. (b) 8D hole spacing. (c) 12D
hole spacing.

a MATROX Frame grabber video card and the infrared camera
interface program, WINIR. One set of 50 frames is taken in ten
frames sets at ﬁve random intervals. All of the resulting images are
then ensemble averaged to obtain the ﬁnal gray scale data image.
This ﬁnal data set is then imported into MATLAB software to
convert each of 256 possible gray scale values to local Nusselt
number at each pixel location using calibration data. Each individual image covers a 256 pixel by 320 pixel area.
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3.3. Line-averaged Nusselt numbers e effects of Reynolds number
and hole spacing

also shows that local Nusselt number peak values for 5D hole
spacing generally become smaller at successive x/D locations for
each value of Z/D and Rej. This is due to the detrimental effects of
spent air crossﬂow on impingement coolant distributions. Local
maximum Nu values are spaced approximately 5D apart in the
streamwise direction, as a result of the impacts of different
impingement jets onto the target surface. These spacings increase
somewhat with streamwise development due to bending and
rearrangement of coolant concentrations by spent air crossﬂow,
which accumulates in a progressive manner, as additional
streamwise rows of holes are encountered.

Fig. 7 presents line-averaged Nusselt number variations for Z/
D ¼ 3.0 for different Rej values of 8,000, 20,000, 30,000, and 50,000.
Here, the results are given for 5D hole spacing, 8D hole spacing, and
12D hole spacing in the a, b, and c parts of the ﬁgure.
Comparison of results in Fig. 7 shows that line-averaged Nusselt
numbers at each x/D and y/D location generally increase continually
as the impingement jet Reynolds number Rej increases. For the X/
D ¼ Y/D ¼ 8 and X/D ¼ Y/D ¼ 5 hole spacings, in particular, the
inﬂuences of surrounding jets, including the cumulative accumulation of cross-ﬂows from sequential rows of jets, reduce the
effectiveness of each individual jet (especially for jets at larger x/D
locations). The result is sequentially decreasing periodic lineaveraged Nusselt number variations with x/D. The data in Fig. 7
indicate that such detrimental effects become more signiﬁcant as
the Reynolds number increases. Another effect of crossﬂow is
varying individual jet spatially-averaged velocity, and local blowing
ratio along the length of the impingement channel. Such local
blowing ratio variations are a result of local changes of static
pressure and passage ﬂow velocities, as sequential amounts of
impingement air accumulate with increasing x/D [10,11].
Note that x/D and y/D ranges of values, and the numbers of
impingement jet events are different in Figs. 5e9, as well as in
many ﬁgures which follow. This is because the dimensional ﬁeld of
view of the camera is approximately invariant, and because
different Reynolds numbers are produced using impingement holes
with different diameters (see Table 2) with all associated conﬁguration parameters scaled accordingly.
Note that investigations by Park et al. [10] and Goodro et al. [11]
compare Z/D ¼ 3 data with results from Florschuetz et al. [5]. These
comparisons show that baseline data are in good agreement with

3.2. Spatially-resolved local Nusselt numbers e effects of Reynolds
number and hole spacing
Figs. 5 and 6 give local Nusselt number variations for Z/D ¼ 3.0
for different Rej values of 8,000, 20,000, 30,000, and 50,000. Here,
the results in part a of both ﬁgures are presented for 5D hole
spacing, the results in part b of both ﬁgures are presented for 8D
hole spacing, and the results in part c of both ﬁgures are given for
12D hole spacing. In all parts of Fig. 5, spanwise variations with y/D
are shown, presented for ﬁxed values of x/D. In all parts of Fig. 6,
streamwise variations with x/D are shown, presented for ﬁxed
values of y/D. These ﬁxed values of y/D and x/D are selected to
provide local Nusselt number variations which are representative
of the associated experimental conditions for each data set. In all
cases, locally increased surface Nusselt number variations are
present beneath jet impingement impact locations. Fig. 6 also
shows secondary Nusselt number peaks which correspond to
spanwise locations between jet impingement impact locations. In
general, local Nusselt numbers increase with increasing Reynolds
number at each x/D and y/D test surface location.

Fig. 8. Line-averaged Nusselt number variations for 5D hole spacing, for different Z/D values of 1.5, 3.0, 5.0, and 8.0. (a) Rej z 8000. (b) Rej z 20,000. (c) Rej z 30,000. (d)
Rej z 50,000.
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spatially-averaged data from Florschuetz et al. [5] at similar
experimental conditions.
3.4. Line-averaged Nusselt numbers e effects of jet-to-target plate
distance and Reynolds number
Fig. 8 presents line-averaged Nusselt number variations for 5D
hole spacing, for different Z/D values of 1.5, 3.0, 5.0, and 8.0. Within
the a, b, c, and d parts of this ﬁgure, data are given for Reynolds
number Rej values of 8,000, 20,000, 30,000, and 50,000, respectively. These Nusselt numbers are line-averaged over y/D from 5.0
and þ5.0 for a hole spacing of 5D.
Consideration of these results at particular values of Rej and Z/D
shows that periodic line-averaged Nusselt numbers generally
decrease at the successive x/D locations. This occurs such that
successive maximum and minimum values become lower and
lower as the impingement ﬂows advect downstream. Fig. 8aec (for
Rej of 8,200, 20,000, and 30,000, respectively) also show that data
generally increase as Z/D approaches 3.0 (either from above or
below) near jet impact locations (where local maxima locations are
present in line-averaged Nu data). Somewhat smaller changes with
Z/D are evident at locations where local Nu minima are present at
different Rej values. For Rej ¼ 20,900, in particular, almost no
changes with Z/D are evident between jet impact regions where Nu
are minimum. Fig. 8d shows that line-averaged Nusselt numbers
increase at most all x/D locations as Z/D approaches 3.0 to 5.0
(either from above or below) for Rej ¼ 52,000. Such variations are
due, in part, to the coherence of the shear layers which form near
the edges of the impingement jets, and the unsteady vortex
structures and vortex rings which initially form around the periphery parts of the impingement jets [10,11,15e18]. Associated
local and line-averaged Nusselt number decreases with increasing
Z/D (at most all x/D and y/D values) are due to diminished jet
coherence, as well as diminished coherence of associated KelvineHelmholtz generated vortices, which occur as jet advection
distances become larger [10,11].
Also important are cross-ﬂow effects. In general, the cumulative
accumulations of cross-ﬂows, from sequential rows of jets, result in
sequentially decreasing periodic Nusselt number variations with
streamwise development. In general, Figs. 7 and 8 show that these
decreases become more pronounced as the Reynolds number increases, and as hole spacing decreases. The data in Fig. 8 also show
that streamwise locations of local maximum line-averaged Nusselt
numbers shift to larger x/D locations as the normalized jet-to-target
distance increases, for each value of Rej, This occurs because of
larger advection distances between the impingement hole exits
and the target plate, as Z/D increases. As this occurs, crossﬂows
exert greater inﬂuences in shifting the locations of jet impact
stagnation points.
KelvineHelmholtz instability generated vortices, which are
present along the interface between each jet and the surrounding
air, prior to their impingement upon the target plate, also play a role
in this process [10,11,15]. Popiel and Trass [16], Angioletti et al. [17],
and O'Donovan and Murray [18] also consider the development and
effects of KelvineHelmholtz generated vortices around impingement jets.
Fig. 8aed shows that cross-ﬂows can also result in local
augmentation of Nusselt numbers. Such behavior is evident for 5D
hole spacing, Rej ¼ 8,000, and Z/D of 1.5, 3.0 in Fig. 8a, provided x/
D  30. Fig. 8bed show local line-averaged Nusselt number increases from cross-ﬂow effects at larger x/D locations when Rej is
20,000, 30,000, and 50,000, and Z/D ¼ 1.5. Such Nusselt number
augmentations occur as interactions between impingement jets
become more vigorous. As a result, local magnitudes of mixing and
turbulent transport are increased. This occurs most often in

channels at lower Reynolds numbers, where impingement jet ﬂuid
distributions are conﬁned by smaller hole spacing, and smaller jetto-target plate distance.

3.5. Line-averaged Nusselt numbers e effects of hole spacing and
Reynolds number
Fig. 9 presents line-averaged Nusselt number variations for
different X/D ¼ Y/D hole spacing values for a jet-to-target-plate
distance Z/D value of 3. Data are presented in parts a, b, and c for

Fig. 9. Line-averaged Nusselt numbers for Z/D ¼ 3 for different X/D ¼ Y/D hole spacing
values of 5, 8, and 12. (a) Rej z 8000. (b) Rej z 20,000. (c) Rej z 30,000.
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Fig. 10. Spatially-averaged Nusselt numbers for Rej z 8000 as dependent upon x/D,
hole spacing, and Z/D value.

Reynolds number Rej values of 8,000, 20,000, and 30,000, respectively. These Nusselt numbers are line-averaged over y/D from 5.0
and þ5.0 for a hole spacing of 5D, over y/D from 4.0 and þ4.0 for a
hole spacing of 8D, and over y/D from 6.0 and þ6.0 for a hole
spacing of 12D. Note that values presented in Fig. 9 correctly
represent line-averaged magnitudes, even though different span
dimension extents are used to determine line-averaged Nusselt
numbers for different hole spacing arrangements.
Overall, the line-averaged data in Fig. 9aec shows that x/D locations of Nusselt number maxima are wider apart and more
spread out as X/D ¼ Y/D hole spacing increases. In addition, overall
Nusselt number magnitudes generally decrease as X/D ¼ Y/D increases. An exception is evident in Fig. 9a for Rej ¼ 8,000, where the
5D hole spacing data are somewhat lower than the 8D hole spacing
data. This is a result of cross-ﬂow effects, which are more pronounced for lower Reynolds numbers and smaller values of X/
D ¼ Y/D. Also note that line-averaged Nusselt number values between peak values, near local minimum locations, often decease as
X/D ¼ Y/D hole spacing increases.
3.6. Spatially-averaged Nusselt numbers e effects of hole spacing,
Reynolds number, and jet-to-target plate distance
Figs. 10e13 present area-averaged Nusselt number variations for
Rej Reynolds number values of approximately 8,000, 20,000,
30,000, and 50,000, respectively. In each of these ﬁgures, spatially-

Fig. 11. Spatially-averaged Nusselt numbers for Rej z 20,000 as dependent upon x/D,
hole spacing, and Z/D value.
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Fig. 12. Spatially-averaged Nusselt numbers for Rej z 30,000 as dependent upon x/D,
hole spacing, and Z/D value.

averaged Nusselt numbers are given as they vary with x/D, hole
spacing X/D ¼ Y/D, and jet-to-target-plate distance Z/D. Each
spatially-averaged value is determined over an area which extends
over an x/D range from X/2D to þX/2D relative to each streamwise
row location, and over a y/D range comprised of one or two complete periods of local spanwise Nusselt number variation.
In general, the results in Figs. 10e13 show that area-averaged
Nusselt numbers often increase at each x/D location as either the
Reynolds number increases, or as the X/D ¼ Y/D hole spacing decreases. The highest spatially-averaged Nusselt numbers are
generally present for Z/D ¼ 3.0 for the three lowest Rej values (as
well as for Z/D ¼ 5.0 when Rej ¼ 8200). When Rej ¼ 52,000,
spatially-averaged Nusselt numbers in Figs. 10e13 show that the
highest measured values are generally present for Z/D of either 1.5,
3.0, or 5.0, depending upon magnitudes of Rej, X/D, Y/D, and
streamwise location x/D.
Local increases of area-averaged Nusselt numbers from positive
cross-ﬂow inﬂuences are also evident in Figs. 10e13 for particular
conﬁgurations and experimental conditions. Resulting variations
are evident in Fig. 10 when x/D  25e30, provided hole spacing is
5D, Rej ¼ 8,000, and Z/D is equal to either 1.5 or 3.0. Area-averaged
Nusselt number increases from cross-ﬂow effects are also evident
for Z/D ¼ 1.5 at larger x/D locations in Figs. 11 and 12, when
Rej ¼ 20,000 and Rej ¼ 30,000, respectively.

Fig. 13. Spatially-averaged Nusselt numbers for Rej z 50,000 as dependent upon x/D,
hole spacing, and Z/D value.
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4. Summary and conclusion

Acknowledgments

Experimental results are presented which illustrate the effects
of jet-to-target plate distance, hole array spacing, and Reynolds
number on cross-ﬂow phenomena, and associated surface heat
transfer distributions, for an array of jets impinging on a ﬂat plate.
The array of impinging jets is directed to one ﬂat surface of a
channel which is bounded on three sides. Considered are jet Reynolds numbers ranging from 8000 to 50,000, jet-to-target plate
distances of 1.5D, 3.0D, 5.0D, and 8.0D, and steamwise and spanwise hole spacing of 5D, 8D, and 12D. Associated Mach numbers are
low enough to insure that little or no Mach number dependence is
present. The present study is different from many other recent
impingement array investigations [1e3,6e9] because a staggered
hole array is utilized. Compared to other recent studies, which also
employ staggered hole arrays [4,5], the present results are different
because a wider range of Z/D values are employed, and because of
the inclusion of high-accuracy, spatially-resolved, local Nusselt
number distributions (along with line- and spatially-averaged
results).
In general, the cumulative accumulations of cross-ﬂows, from
sequential rows of jets, result in sequentially decreasing periodic
Nusselt number variations with streamwise development. Such
behavior is a result of the bending and re-direction of the
impingement jets by cross-ﬂow, which also result in reduced
coherence of the shear layers which form near and around each jet
trajectory. When examined at a particular value of Rej, streamwise
locations of local maximum Nusselt numbers also shift to larger x/D
locations as the normalized jet-to-target distance increases. This is
a result of larger advection distances between the impingement
hole exits and the target plate, which allow crossﬂows to exert
greater inﬂuences in shifting the locations of jet impact stagnations
points. In general, the observed Nusselt number decreases from
cross-ﬂow effects become more pronounced as the Reynolds
number increases, and as hole spacing decreases.
However, for some situations, cross-ﬂows can also result in local
augmentation of Nusselt numbers. This occurs most often in
channels at lower Reynolds numbers, where impingement jet ﬂuid
distributions are conﬁned by smaller hole spacing, and smaller jetto-target plate distance. Such behavior is evident in line-averaged
and area-averaged Nusselt number distributions for 5D hole
spacing, Rej ¼ 8,000, and Z/D of 1.5, 3.0, provided x/D  30. Lineand area-averaged Nusselt number increases from cross-ﬂow effects are also present at larger x/D locations when Rej is 20,000,
30,000, and 50,000, and Z/D ¼ 1.5. Such Nusselt number augmentations occur as interactions between impingement jets become
more vigorous, and local magnitudes of mixing and turbulent
transport are increased.
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of an array of impinging jets with large hole spacing on a flat plate.
Included is consideration of the effects of jet-to-target plate distance,
and jet Reynolds number. Steamwise and spanwise hole spacing is
12D. Jet-to-target plate distances Z of 1.5D, 3.0D, 5.0D, and 8.0D are
employed, where D is the impingement hole diameter. Reynolds
numbers Re j range from 8,000 to 50,000, with isentropic jet Mach

numbers of approximately 0.1 to 0.2. Experimental results include
local, line-averaged, and spatially-averaged Nusselt number
distributions. These different types of Nusselt numbers increase
strongly with impingement jet Reynolds number for all situations
examined. This dependence of spatially-averaged Nusselt number is
quantified using a correlation for the two most upstream rows of
impingement jets (at the smallest x D values), where cross flows and
jet interactions are minimal. The highest local Nusselt numbers are
generally present for Z D = 3.0 for Re j of 20,000, 30,000, and

50,000, with local Nu number decreases as Z D increases further. For
Re j of 8,000, the highest Nusselt number values are generally present
for Z D = 5.0. In general, using X D = Y D = 12, the influences of
surrounding jets, including cumulative-induced crossflows and
interactions of jet-induced vortex structures, are less pronounced,
relative to configuration with smaller hole spacing. With the present
large hole spacing, both local and line-averaged maximum Nusselt
number data trends show only very small variations with increasing
x D. As such, important differences relative to impingement arrays
with smaller hole spacing are evident, especially in regard to Nusselt
number variations as streamwise location, jet-to-target plate distance,
and Reynolds number are changed.

Nomenclature

Aht

heat transfer area on the target plate [m 2 ]

D

diameter of an individual impingement hole [m]

hloss

loss h heat transfer coefficient to account for convection
and radiation loss from back side of target plate [W m.k ]
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k

ratio of specific heats

Ma

impingement air flow Mach number

Nu

local Nusselt number

Nu

line-averaged Nusselt number

Nu

spatially-averaged Nusselt number

Q

total power provided to the thermofoil heater [W ]

qcb

convection heat flux from back side of the target plate

[W m 2 ]
qcf

convection heat flux from front side (or impingement side)
of the target plate [W m 2 ]

qrb

radiation heat flux from back side of the target plate

[W m 2 ]
qrf

radiation heat flux from front side (or impingement side)
of the target plate [W m 2 ]

Re j

impingement air flow Reynolds number

Tambient ambient static temperature [K]
Tb

local temperature on the back surface of the polystyrene
target plate [K]

Tj

impingement air static temperature [K]

Toj

impingement air stagnation temperature [K]

TW

local target surface temperature on the surface of the [K]

heater adjacent impingement air

ua

impingement air velocity [m s]

x

streamwise coordinate [m]

X

streamwise distance between centerlines of adjacent
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impingement holes [m]
y

spanwise coordinate [m]

Y

spanwise distance between centerlines of adjacent
impingement holes [m]

z

normal coordinate [m]

Z

distance between target plate and impingement hole plate
[m]
Greek Symbols

α

air thermal conductivity [W m 2 ⋅ K ]

εf

emissivity of the front surface of the target plate

ε inf

emissivity of a plate located opposite to the target plate

µ

absolute viscosity [kg m ⋅ s]

ρa

impingement air static density [kg m3 ]

σ

Boltzman constant
1. Introduction

Considered are surface heat transfer variations for impingement arrays
with large hole spacing in the streamwise and spanwise directions. Of
particular interest are the influences of streamwise development, jet Reynolds
number, and jet-to-target plate distance. Ordinarily, such impingement
arrangements are employed for cooling leading edge regions of turbine
blades and vanes [1], and for cooling parts of the combustor in gas turbine
engines, including combustion chamber liners, transition pieces, and splash
plates [2].
Other studies which consider impingement array cooling with large hole
spacing with low speed, incompressible flows, include Kercher and Tabakoff
[3], who present spatially-averaged surface heat transfer coefficients beneath
an array of impinging jets in low-speed flow for Reynolds numbers from
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3 × 102 to 3 × 104 , X D and Y D from 3.1 to 12.5, and Z D from 1.0 to
4.8. Another investigation by Metzger and Korstad [4] considers target
spacing and the influences of cross-flow on a single line of jets, emerging
from circular holes, placed on one wall of a channel. They show that target
spacing, jet Reynolds number, and the relative strengths of the jet flow and
the cross flow influence heat transfer on the target wall. Z D target distance
effects are also addressed by Chance [5], who also investigates low-speed
impingement cooling with spent air constrained to flow out only one side of
the flow passage. Also addressed in this investigation are data at Reynolds
numbers from 6 × 103 to 5 × 104 , square, equilateral triangle, and
rectangular jet arrays, Z D values of 2, 3, 4, 6, and 8, and ratios of
impingement to surface absolute temperature of 0.77, 1.27, and 1.54.
Two other widely cited investigations are described by Metzger et al. [6]
and Florschuetz et al. [7]. In the first of these, Metzger et al. [6] indicate that
in-line jet impingement hole patterns provide better heat transfer than
staggered arrangements. Investigated are Z D values of 1, 2, and 3, X D
and Y D ranging from 6 to 32, and Reynolds numbers from 5 × 103 to
2 × 104. Florschuetz et al. [7] describe an investigation, wherein Reynolds
numbers from 2.5 × 103 to 7 × 104 , inline and staggered hole patterns, Z D
from 1 to 3, X D from 5 to 15, and Y D from 4 to 8 are considered. As for
the investigation of Metzger and Korstad [4], impinging air is again
constrained to exit in a single direction from the channel formed between the
impingement plate and the target plate. Included are data on channel cross
flow mass velocity and jet mass velocity (where ratios range from 0 to 0.8),
as well as a correlation which gives Nusselt number dependence on these
parameters, as well as on jet impingement plate geometry, Prandtl number,
and Reynolds number.
Large hole spacing arrangements are also considered by Obot and
Trabold [8], who consider different cross-flow schemes on impingement heat
transfer in low-speed flows. Impingement jet Reynolds numbers from
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1 × 103 to 2.1 × 104 , Z D values from 2 to 16, X D values of 5 and 10,
and Y D values of 4 and 8 are employed. According to these investigators,
for a given cross flow scheme and constant jet diameter D, higher heat
transfer coefficients are obtained as the number of jets over a fixed target
area increases. Jet plate-to-target spacings from 1.25 to 5.5 impingement hole
diameters are considered by Bailey and Bunker [9], who spacings of 3, 6, and
9 are considered. Reynolds numbers range from 1.4 × 104 to 6.5 × 104 , with
Mach numbers that are relatively low. Included are correlations developed
from these data which extend the range of applicability of the correlations
presented by Florschuetz et al. [7]. They also show that, for sparse
impingement arrays, each jet generally behaves independently.
The present study provides new impingement heat transfer data to
illustrate the effects of varying jet-to-target plate distance, streamwise
development, and Reynolds number, with nondimensional streamwise and
spanwise hole spacings X D and Y D of 12. The thickness of each
impingement plate is 1D, and spacings between the hole exit planes and the
target plate are 1.5D, 3.0D, 5.0D, and 8.0D. Included are local, lineaveraged, and spatially-averaged Nusselt numbers. Impingement jet
Reynolds numbers range from 8,000 to 50,000, with Mach numbers of
approximately 0.1 to 0.2. As such, the results from the present investigation
are unique and different from data given in other recent studies because the
flow conditions and configurations employed are new. The present study is
also different from many other impingement array investigations [3-5, 8-12]
because a staggered hole array is utilized with large hole spacing. Compared
to other studies, which also employ staggered hole arrays [6,7], the present
results are different because a wider range of Z D values are employed, and
because of the inclusion of high-accuracy, spatially-resolved, local Nusselt
number distributions (along with line- and spatially-averaged results).
2. Experimental Apparatus and Procedures
2.1. Impingement plate, and impingement flow facility
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Figure 1 shows a schematic diagram of the impingement flow facility.
Figure 2 shows that individual plates with holes are located at the bottom of
the lower plenum, which are used to produce the impingement jets. Different
impingement plates can be installed at this location. Each impingement plate
consists of 7 rows of holes in the streamwise direction, arranged so that holes
in adjacent rows are staggered with respect to each other, as shown in Figure
3. With this arrangement, either 4 or 5 holes are located in each streamwise
row. The thickness of each impingement plate is 1D. The spacing between
holes in the streamwise direction X is 12D, and the spacing between holes in
the spanwise direction Y is 12D. Z D is the spacing between the hole exit
planes and the target plate, with values employed in the present investigation
of 1.5, 3.0, 5.0, and 8.0. Figure 3 also shows the coordinate systems
employed. Channel formed by the target surface and the impingement jet
plate contains the impingement cooling flow. Within the channel, the
impingement cooling flow is constrained to exit in a single direction, which
here, is denoted as the x-direction. This channel is called the impingement
plenum or lower plenum. The impingement plenum consists of a volume of
air between the target and jet impingement plate. In the present study,
impingement jet Reynolds numbers of approximately 8,000, 20,000, 30,000,
and 50,000 are employed. Impingement jet Mach numbers are approximately
0.1 to 0.2, and are selected because previous investigations show that Nusselt
numbers generally show no dependence on Mach number, when values are
less than approximately 0.25.
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Figure 1. Impingement flow facility.

Figure 2. Impingement flow facility test section, including impingement
plenum, and impingement channel.
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Figure 3. Impingement test plate configuration for X D = Y D = 12.

The laboratory facility used for heat transfer measurements, shown in
Figure 1, is constructed of A53 Grade B ARW steel piping, and 6.1 mm thick
ASTM A38 steel plates. The two plenums which are arranged in series are
located downstream of the blower. The upstream plenum is 0.63 m in length
along each side. The downstream plenum dimensions are 0.63 m long, 0.77
m tall and 0.77 m wide. Within each plenum, a Bonneville cross-flow heat
exchanger is employed. As the air exits the heat exchanger, and the second
plenum, the air passes into a pipe with 0.22 m outer diameter. The ASME
Standard orifice plate is located within the pipe to measure the air mass flow
rate. This pipe then connects to a third plenum, with side dimensions of
0.635 m and 0.635 m. Honeycomb and other flow straightening devices are
employed for the air which enters this plenum. The upper impingement
plenum (or upper plenum) is located below the honeycomb and flow
straightening devices, as shown in Figure 2. The dimensions of the upper
impingement plenum are 0.635 m and 0.635 m, with a height of 0.40 m.
The air stream through the plenums and channel is drawn from the
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laboratory atmosphere. A New York Blower Co. 7.5 HP, size 1808 pressure
blower is employed to induce flow within the facility. An ASME standard
orifice plate, flow-mounted calibrated copperconstantan thermocouples, and
pressure transducers are used for measuring the air mass flow rate provided
to the impingement hole array. Pressure transducers are Validyne DP15-22
and DP15-32 (with diaphragms rated either at 1.40 or 14.0 kPa), and are
connected to Validyne Model CD15 Carrier Demodulators. Gas static
temperature is determined from thermocouple measurement of gas recovery
temperature, and local velocity magnitude, which is determined from local
values of static pressure and stagnation pressure.
2.2. Target plate test surfaces for measurements of surface Nusselt
numbers.

Local surface Nusselt number are measured on a heated polystyrene
target plate, with a size of 126 mm by 254 mm by 1.31 mm. Polystyrene is
chosen for the target plate because of its strength, and because it does not
deform in shape at temperatures as high as 8 °C. It is also suitable because of
its relatively low thermal conductivity (0.09 W/mK at 2 °C), which results in
minimal streamwise and spanwise conduction along the test surface. The
target plate is mounted on the bottom surface of the impingement plenum (or
lower plenum). This is accomplished using gray cloth tape with PVC cement,
a solvent containing acetone, tetrahydrofuran, and methyl-ethyl-ketone to
seal the edges so that no leaks are present along the flow passage. A
mounting frame is also employed to hold the polystyrene target plate in
place, to keep it smooth (without wrinkles or bending), and normal to the
impingement jets, as testing is underway. Within the polystyrene target plate,
eight calibrated type-T copperconstantan thermocouples are placed at
different streamwise and spanwise locations so that each senses a different
temperature as data are acquired. These thermocouples are mounted
approximately 0.016 cm below the surface adjacent to the air containing the
impingement fluid. Local surface temperatures are determined, after
correction for thermal contact resistance and temperature drop through the
0.016 cm thickness of polystyrene. Thermocouple lead wires are placed in
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grooves along the polystyrene, and bonded into place with epoxy, which has
approximately the same thermal conductivity as polystyrene, to minimize
thermal disturbances resulting from their presence. Each one of these
thermocouple wires is then located between the polystyrene portion of the
target plate and the thermofoil heater.
Spatially-resolved distributions of surface Nusselt number and heat
transfer coefficients are measured on the polystyrene target plates with
thermocouples and heater attached. Each custom-made HK5184R26
thermofoil heater has a maximum temperature rating of 100 °C, and is
manufactured by Minco Products Inc. The etched-foil heating element within
this device is encased between two layers of DuPont Kapton polyimide film,
and is used to provide a constant surface heat flux boundary condition. This
heater is located adjacent to the air stream with the impinging air. Its thermal
conductivity is approximately 0.2 W/mK at 20°C. Spatially-resolved
measurements of surface temperature are obtained by the infrared camera
viewing the back side of polystyrene target plate. The total target plate
thickness is 1.60 mm (each heater is approximately 0.3 mm thick and each
polystyrene target plate is 1.3 mm thick). These target plate are replaced with
all new components after each 3 or 4 test sequences because of the wear and
degradation which results from exposure to different temperature levels as
tests are conducted.
2.3. Local impingement air pressure and temperature measurements.

As shown in Figure 2, two wall pressure taps are located on the surface
of the lower plenum, and three wall static pressure taps are also located on
the surface of the upper plenum to measure local static pressures. As tests are
conducted, calibrated Validyne Model DP15-22 and DP15-32 pressure
transducers driven by Validyne Model CD15 Carrier Demodulators are used
to sense pressures from these static pressure taps. Local airflow recovery
temperatures are measured using a total of five calibrated Omega T-type
copper-constantan thermocouples. Two of these are located in the central part
of the lower plenum, and the other three are located in the central part of the
upper plenum. These thermocouples are calibrated using a Omega Model
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HCTB-3020 constant temperature water bath, a Fluke Hart 1523
Thermometer and stainless steel sheathed thermistor (which is accurate
within ± 0.01 °C). In each test case, average temperature and pressure values
for a given plenum are obtained using readings from either multiple
thermocouples or multiple pressure taps. Voltages from all the thermocouples
and the Carrier Demodulators are read sequentially using National
Instruments NI-USB 9162 and NI-USB 6210 Data Acquisition terminals,
respectively. A Dell Precision T3500 computer is used to relay information
from these terminals. Thermocouple compensation is provided electronically
by this system, such that voltages for copper-constantan thermocouples are
given relative to 0°C. The voltage outputs from this unit are acquired by the
computer through its USB port, using LABVIEW 10.0 software.
The Mach number and velocity of the air in the plenum are both near
zero, because the cross-sectional area of the upper plenum is very large
compared to the area of the impingement holes. As a result, the stagnation
pressure is the same as the static pressure measured at the wall static pressure
taps. The resulting value is denoted Poj , the impingement air stagnation
pressure. The measured air recovery temperature in the upper plenum is then
the same as the upper plenum stagnation temperature and upper plenum static
temperature. and is denote Toj , the impingement stagnation temperature. The
impingement air mass flux is determined using ρaua = m& A, after
measurement of the impingement air mass flow rate at the pipe orifice plate.
The impingement flow Mach number M a , and the impingement static
temperature T j are both determined by using an iterative procedure. Firstly,
the local recovery temperature, which is measured in the lower plenum, is
used for this estimation of the value of T j . The spatially-averaged
impingement jet velocity and impingement static density are then determined
using ua = m& ρa A, and ρa = Pa RT j , respectively. Next, the local
atmospheric pressure is used for Pa , because the impingement flow vents to
the laboratory. Measurements of lower plenum static pressures using wall

42

Impingement Array Heat Transfer with Large Hole Spacing

13

pressure taps confirm this approach. In addition, Mach number and the
impingement air sonic velocity are given by

M a = ua ca ,

and

ca = (kRT j )1 2 , respectively. Iterations using these analysis steps are then
continued until impingement Mach number and the impingement static
temperature are consistent with the isentropic equation given by

T j = Toj [1 + M a2 ( k − 1) 2].

(1)

With impingement flow Mach number M a , impingement static
temperature T j , and other parameters known, the impingement Reynolds
number is subsequently given by an equation of the form
Re j = ρaua D µ.

(2)

A Kiel-type stagnation pressure probe is used to measure the total
pressure. The probe in the pipe is located upstream of the orifice plate
employed to measure mass flow rate. A calibrated copper-constantan
thermocouple, and a wall pressure tap located on the surface of the pipe
within the air stream are used to sense flow recovery temperature and static
pressure, respectively, at the same streamwise location. Temperatures and
pressures measured using the thermocouple, probe, and tap are sensed and
processed using the same types of instrumentation mentioned earlier. The
ASME standard orifice plate is employed for measurement of pipe average
velocity, deduced from mass flow rate, and is used to provide a cross-check
on the velocities deduced from this arrangement.
2.4. Local Nusselt number measurement.

A Price-Rutzebeck POW-R-PAC 160V transformer power supply is
employed to power the thermofoil heater with a direct current supply. The
power supply is directed using a covered switchboard where amperage is
read by both a Simpson 260 Series 8P Ammeter and an Agilent 34401A
Digit Benchtop Multimeter. The voltage is measured using a Fluke 8846A
6.5 Digit Precision Multimeter. For a particular test, energy balances, and
analysis to determine temperature values on the two surfaces of the target
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plate, then allow determination of the magnitude of the total convective
power (due to impingement cooling). To determine the surface heat flux
(used to local Nusselt numbers and calculate heat transfer coefficients), the
total convective power level, provided by a thermofoil heater, is divided by
the single surface area of this heater, denoted Aht .
To determine Tb , the local temperature on the back surface of the
polystyrene target plate, adjacent to the surrounding ambient air
environment, one-dimensional conduction analysis is utilized. This analysis
is applied to a control volume located between the ambient air environment
behind the target plate and the surface within the target plate (where the
thermocouples are located between the heater and the polystyrene target
plate). The local temperature within the target plate between the polystyrene
plate the thermofoil heater, measured by each of these thermocouples, is then

Ttc . Associated temperatures are required to determine radiation losses, and
heat flux from the back side of the target plate, qcb and qrb , respectively.
Utilized for this purpose is an equation of the form

qrb + qcb = hloss (Tb − Tambi ε ) ,

(3)

where hloss is assumed to be equal to 15 W m 2 K [13]. The radiation heat
flux qrf on the front (or impingement side) of the target plate is determined
using
4
qrf = σ(1 εinf − 1 ε f − 1)−1(TW4 − Tambie
).

(4)

With this approach, the radiation heat flux is determined for an
arrangement with multireflection between two infinite plates where each has
a uniform temperature. For all conditions investigated, ε f and ε inf are
assumed to be equal to 0.9. Because qrf Aht is generally only 3-6 percent of

Q, the total amount of power provided to the thermofoil heater, this
approximate approach is appropriate.
To determine qrf , TW , the local target surface temperature on the
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surface of the heater adjacent impingement air, is required. An iterative
procedure is utilized because of the interdependence of TW , qrf , and qcf .
Here, qcf is the convection heat flux from the front side or impingement side
of the target plate. A one-dimensional conduction model is also used for the
heater, which includes source generation of thermal energy, to provide a
relation between TW , Ttc , and qcf . Included within this analysis is thermal
contact resistance between the adjacent heater and the internal
thermocouples. This one-dimensional conduction approach is employed
since magnitudes of lateral conduction within the target plate are very small
and mostly insignificant (from three-dimensional analyses), relative to
impingement convective heat flux levels.
The convection heat flux from the front side (or impingement side) of the
target plate is then given by

qcf = Q Aht − qrf − qrb − qcb .

(5)

The local Nusselt number is then given as

Nu = qcf D ((TW − T0 j ) α ).

(6)

Spatially-resolved distributions of the target test surface temperature TW
are determined as impingement heat transfer measurements are made.
procedure is achieved by using infrared imaging in conjunction
thermocouples, energy balances, digital image processing, and in
calibration procedures. Spatially-resolved surface Nusselt numbers are
determined.

This
with
situ
then

To accomplish this, an ImagIR InSB Digital 320 × 256 infrared camera
is employed to capture the infrared radiation emitted by the heated interior
surface of the channel. This camera operator at infrared wavelengths from
5.2 µm to 9.1 µm. The calibrated, copper-constantan thermocouples, which
are distributed within the test surface, are used to perform the in situ
calibrations simultaneously as the radiation contours from surface
temperature variations are recorded. As shown in Figure 2, this is
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accomplished as the camera views the test surface from behind. In general,
all eight thermocouple junction locations are present in the infrared field
viewed by the camera. Prior to measurements, calibration maps are used to
provide a relationship between the exact pixel locations, the spatial locations
of thermocouple junctions, and the coordinates associated with each infrared
image. During this procedure, the camera is rigidly mounted, and focused
and oriented relative to the test surface in the same way as when radiation
contours are recorded. Such calibration data depend strongly on camera
adjustment. The same contrast, brightness and aperture camera settings are
used to obtain the experimental data. The in situ calibration approach
accurately and rigorously accounts for these variations.
Images from the infrared camera are recorded as 8-bit gray scale. These
images are directly into the memory of a Dell Precision T3500 computer
using the infrared camera interface program, WINIR, and a Matrox Frame
grabber video card. One set of 50 frames is taken in ten frames sets at five
random intervals. The final gray scale data image is then obtained by
averaging all of the resulting images. MATLAB software is employed to
convert each of 256 possible gray scale values to local Nusselt number at
each pixel location using calibration data. Each individual infrared image
covers a 256 pixel by 320 pixel area.
2.5. Experimental uncertainty estimates.

Uncertainty estimates are based on 95 percent confidence levels and are
determined using methods described by Kline and McClintock [14] and
Moffat [15]. Uncertainty of temperatures for measurement of thermocouples
is ± 0.15 °C. Spatial and temperature resolutions achieved with infrared
imaging are about 0.1 mm to 0.2 mm, and 0.4 °C, respectively. This
magnitude of temperature resolution is a result of uncertainty in determining
the exact locations of thermocouples with respect to pixel values used for the
in situ calibrations. Among the different quantities considered, the
uncertainty associated with temperature makes the largest contribution to
overall Nusselt number uncertainty. Possible lateral conduction within the
test plates is also considered to the overall Nusselt number uncertainty. In
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general, magnitudes of lateral conduction (in the x and y directions) are
generally insignificant relative to overall convective heat flux levels from
impingement. Table 1 shows that the total local Nusselt number uncertainty
is approximately ± 6.0 percent. This uncertainty magnitude represents the
maximum value which is encountered for all test conditions within the
present investigation.
Table 1. Experimental uncertainty percentage magnitudes for the local
Nusselt number, and quantities employed to determine the local Nusselt
number.

Experimental Uncertainty
Quantity

(Percent)

Aht

1.394

D

4.919

Tw

2.706

Toj

0.722

α

0.541

Nu

6.043

3. Experimental Results

The impingement test plate configurations and the experimental test
conditions of the present investigation are presented in Table 2.
Table 2. Impingement test plate configurations and experimental test

conditions for X D = Y D = 12.
Re j

8,000

Ma

0.14

Z D

1.5

Hole Diameter Plate Thickness Hole Spacing
(mm)

(mm)

(mm)

3.5

3.5
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8,000

0.13

3.0

3.5

3.5

42

8,000

0.13

5.0

3.5

3.5

42

8,000

0.13

8.0

3.5

3.5

42

20,000

0.13

1.5

8.0

8.0

96

20,000

0.14

3.0

8.0

8.0

96

20,000

0.14

5.0

8.0

8.0

96

20,000

0.13

8.0

8.0

8.0

96

30,000

0.21

1.5

8.0

8.0

96

30,000

0.21

3.0

8.0

8.0

96

30,000

0.21

5.0

8.0

8.0

96

30,000

0.21

8.0

8.0

8.0

96

50,000

0.21

1.5

15.0

15.0

180

50,000

0.20

3.0

15.0

15.0

180

50,000

0.20

5.0

15.0

15.0

180

50,000

0.20

8.0

15.0

15.0

180

3.1. Spatially resolved local Nusselt numbers.

Spatially resolved surface Nusselt number distributions are presented in
Figure 4 for the jet hole spacing of 12D. These data are provided for an
impingement jet Reynolds number Rej of approximately 30,000. According
to Table 2, associated Mach numbers Ma are approximately between 0.140
and 0.20. Since these values are less than 0.25, little or no Mach number
dependence is expected [16]. The different views of the test surface in Figure
4 are due to different infrared camera views of the target plate, as the same
impingement plate with different jet-to-target plate distance are employed.
Note that, regardless of Reynolds number and Mach number, that the
qualitative distributions of local Nusselt numbers produced by each
impingement jet are similar, with good periodic repeatability in the spanwise
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direction for each streamwise row of impact locations. Local maximum Nu
values are spaced approximately 12D apart in the streamwise direction, as a
result of the impacts of different impingement jets onto the target surface.
However, regardless of the value of Z D, magnitudes of successive local
peak Nusselt numbers, at successive jet stagnation point impact locations, are
approximately invariant with increasing x D. Note that the highest local
Nusselt numbers in Figure 4 for X D = Y D = 12 appear to be associated
with Z D = 5.0 and Z D = 3.0. Local Nusselt number decreases with
increasing Z D are due to jet flow turning as cross flows accumulate with
additional streamwise development. This leads to diminished jet coherence,
as well as diminished coherence of associated Kelvin-Helmholtz generated
vortices, which occur as jet advection distances become larger. Such
variations are connected to the intensity of the cross-flows which develop
within the impingement passage. Such cross flows generally decrease as the
hole spacing becomes larger and the hole spacing arrangements are less
dense.
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Figure 4. Local Nusselt number variations for Re j ≈ 30, 000 for

different

Z D

values and

X D = Y D = 12.

(a)

Z D = 1.5.

(b)

Z D = 3.0. (c) Z D = 5.0. (d) Z D = 8.0.
Figures 5, 6, and 7 present local Nusselt number distributions for hole
spacing X D = Y D of 12D, for impingement Reynolds numbers of
approximately 8,000, 30,000, and 50,000, respectively. These results are
given for normalized jet-to-target plate distances Z D of 1.5, 3.0, 5.0, and
8.0. Each set of local Nusselt number data are presented as dependent upon

y D for particular values of x D, and as dependent upon x D for
particular values of y D.
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(a)

(b)
Figure 5. Local Nusselt number variations for Re j ≈ 8, 000 for

different Z D values and X D = Y D = 12. (a) Variations with y D at

x D = 30 (b) Variations with x D at y D = 0
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(a)

(b)
Figure 6. Local Nusselt number variations for Re j ≈ 30, 000 for

different Z D values and X D = Y D = 12. (a) Variations with y D at

x D = 24 (b) Variations with x D at y D = 0
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(a)

(b)
Figure 7. Local Nusselt number variations for Re j ≈ 50, 000 for

different Z D values and X D = Y D = 12. (a) Variations with y D at

x D = 10 (b) Variations with x D at y D = 0
Figure 5a, 6a, 7a show local Nusselt number variations with y D for

x D = 30 , x D = 24, x D = 10, respectively. Here, local peak values are
located near y D = −6 and y D = +6 underneath impinging jet impact
locations. Figure 5b, 6b, 7b shows local Nusselt number variations with x D
for y D = 0. Here, local maximum values are apparent, which are due to the
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impact of impingement jets from each different streamwise row of hole.
Figures 5, 6, and 7 additionally present that the highest local maximum
Nusselt numbers are generally associated with Z D of 5.0 (when
Re j ≈ 30, 000 and Re j ≈ 50, 000) . For all conditions examined, lower
local values are generally occur both at and between jet impact locations as

Z D approaches 8.0, when compared at the same Re j , x D, and y D.
Associated overall local Nusselt number increases with decreasing Z D (for
large Z D values) are generally believed to be due to enlarged jet coherence,
as well as increased coherence of associated Kelvin-Helmholtz vortices.
Other recent investigations of Kelvin-Helmholtz vortex structures from
impingement jets are described by Awasthi [18], Moatimid and Hassan [19],
and Yang et al. [20]. Awasthi Error! Reference source not found. considers
effects of heat and mass transfer on the Kelvin-Helmholtz instability along
the interfaces which exist between liquid and vapor phases. He observes that
heat and mass transfer has a destabilizing effect on the stability of the system,
while vapor fraction has stabilizing effect. Moatimid and Hassan [19] also
describe heat and mass transfer associated with three-dimensional Kelvin
Helmholtz instabilities which exist between liquid and vapor phases.
According to these investigators, a decrease of relative streaming velocity
produces a stabilizing effect. Yang et al. [20] consider a cylinder channel
with a single row of 10 aligned impinging jets, with exit flow in the axial
direction at one end of the channel. According to these investigators, KelvinHelmholtz vortex development is related to local, instantaneous variations of
Y-component of vorticity, three-dimensional streamlines, a shear layer
parameter, and local static pressure. Of particular importance are the
cumulative influences of cross flows, which result in locally increased shear
stress magnitudes, enhanced Kelvin-Helmholtz vortex generation
instabilities, and increased magnitudes and frequencies of local flow
unsteadiness, as subsequent jets are encountered with streamwise
development.
Within the present investigation, magnitudes of successive local peak
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Nusselt numbers, at successive jet stagnation point impact locations,
generally slightly decrease, or are approximately invariant with x D for all
values of Z D and impingement Reynolds number which are considered.
Large hole spacing, which reduces flow mixing and local turbulent transport
levels, results in decreased interactions between adjacent jet fluid
concentrations, and between the impingement jet fluid and surrounding
cross-flows. When examined at a particular value of Rej, streamwise
locations of local maximum Nusselt numbers shift to larger x D locations
by only slight amounts, as the normalized jet-to-target distance increases.
This is a result of each impingement jet approximates that of a single jet. For
this situation, the influences of surrounding jets, including the cumulativeinduced crossflows and interactions of jet-induced vortex structures become
less pronounced.
Note that x D and y D ranges of values, and the numbers of
impingement jet events are different in Figures 5-7, as well as in many
figures which follow. This is because the dimensional field of view of the
camera is approximately invariant, and because impingement holes with
different diameters (with associated configuration parameters scaled
accordingly) are utilized (as listed in Table 2).
3.2. Line-averaged Nusselt numbers.

Figures 8 and 9 present Nusselt numbers which are line-averaged over

y D from – 6.0 to +6.0 for a hole spacing of 12D. Consideration of these
results at values of Re j = 8, 000 in Figure 8 shows that data generally
increases as Z D approaches 5.0 near jet impact locations. When
Re j = 30, 000, line-averaged Nusselt numbers are generally maximum as

Z D approaches 3.0. As such, different Nusselt number dependence upon
jet-to target plate distance is present for different Re j values.
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Figure 8. Line-averaged Nusselt numbers as dependent upon x D for

different Z D values, Re j ≈ 8, 000, and X D = Y D = 12.
Figure 8 also shows that periodic line-averaged Nusselt numbers
decrease somewhat at the successive x D locations, such that successive
maximum and minimum values become lower and lower as the impingement
flows advect downstream. Such variations are mostly due to cross-flow
effects. In general, the cumulative accumulations of cross-flows, from
sequential rows of jets, result in sequentially decreasing periodic Nusselt
number variations with streamwise development. Local maximum values for
Rej of 30,000 also decrease with x D, but by relatively smaller amounts
compared to results in Figure 8. Within Figure 9, this is partially because
large hole spacing causes the behavior of each impingement jet to
approximate that of a single jet, so that cumulative cross-flow velocities are
smaller. As a result, local magnitudes of mixing and turbulent transport are
decreased. Interactions between accumulated cross-flow and impingement jet
fluid from different rows of holes are diminished. Kelvin-Helmholtz
instability generated vortices, which are present along the interface between
each jet and the surrounding air, prior to their impingement upon the target
plate, also affect this process.
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Figure 9. Line-averaged Nusselt numbers as dependent upon x D for

different Z D values, Re j ≈ 30, 000, and X D = Y D = 12.
3.3. Spatially-averaged Nusselt number variations with Reynolds
number.

Spatiallyaveraged Nusselt numbers for Z D values of 1.5, 3.0, 5.0, and
8.0 are presented in Figures 10 and 11 for x D = 6.0 and x D = 18.0,
respectively. These data are given as they vary with Reynolds number Re j .
Each spatially-averaged value is determined over an area which extends over
an x D range from –6.0 to +6.0 relative to each streamwise row location,
and over a y D range of –6.0 to +6.0. As such, each value is also averaged
over a range of locations comprised of one complete period of local Nusselt
number variation, relative to each streamwise row of holes.
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Figure 10. Spatially-averaged Nusselt numbers as dependent upon Re j

for different Z D values, x D = 6.0

Figure 11. Spatially-averaged Nusselt numbers as dependent upon Re j

for different Z D values, x D = 18.0
The spatially-averaged Nusselt number data in Figures 10 and 11 are
presented to show the dependence upon Reynolds number for x D = 6.0
and 18.0, respectively. Z D values for the data are 1.5, 3.0, 5.0, and 8.0. In
general, spatially-averaged Nusselt numbers are often higher as Reynolds
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numbers Re j increase because of higher advection speeds. These particular
data are given for the two most upstream rows of holes, at the smallest x D
values, to illustrate Nusselt number behavior for jets with minimal cross
flow, which are generally not influenced by surrounding jets. As such, cross
flow influences, which generally vary significantly as Z D varies, are
present only in a minimal manner. Consequently, the data in Figures 10 and
11 show similar dependence on Reynolds number Re j , regardless of the
values of x D and Z D, following the same trend with Reynolds number
Re j , within the range of experimental uncertainty magnitudes. This
behavior is thus due to the weak accumulation of cross-flows, and less
mixing caused by the absence of coolant interactions. Spatially-averaged
Nusselt numbers for Z D = 5.0 are significantly higher than for other Z D
values for Re j of 8000. The highest spatially-averaged Nusselt numbers are
present for Z D = 3.0 for Re j of 30,000. Also important for these
variations are the competing influences of two different phenomena. The first
one is coherence of individual jets and the strength of adjacent shear layers.
The second is the development and advection of vortices generated by
Kelvin-Helmholtz instabilities. The coherence of individual jets and the
intensity of the adjacent shear layers become stronger at locations closer the
point where each jet emerges from an impingement plate hole. In contrast,
Kelvin-Helmholtz vortices require some distance from this location to
become fully developed.
Figure 12 shows spatially-averaged Nusselt numbers as dependent upon
Re j

for

different

Z D

values,

for

particular

x D

locations

( x D = 6.0 and x D = 18.0). Here, variations of Nusselt number are
correlated with respect to the Reynolds number Re j using the equation
given by
Nu = 0.00200 ∗ Re j + 5.56.
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As such, this correlation equation is valid for 8, 000 ≤ Re j ≤ 30, 000,

X D = 12, Y D = 12, 1.5 ≤ Z D ≤ 8.0, and 6.0 ≤ x D ≤ 18.0.

Figure 12. Spatially-averaged Nusselt numbers as dependent upon Re j

for different Z D values for x D = 6.0 and x D = 18.0, including
comparison with correlation equation (7).
3.4. Spatially-averaged Nusselt number variations with Z D.

Figures 13 and 14 present spatially-averaged Nusselt numbers as
dependent upon Z D for different x D locations and for Reynolds numbers
Re j of 8,000, and 30,000, respectively. All of these data are provided for a
constant a constant jet hole spacing of 12D. Figures 13 shows that the highest
spatiallyaveraged Nusselt numbers for Reynolds number Re j of 8,000 are
generally present for Z D = 5.0. Figure 14 for Reynolds number Re j of
30,000 shows that spatially-averaged Nusselt numbers are highest for

Z D = 3.0. The relative influences of the jet/shear layer coherence and
Kelvin-Helmholtz generated vortices are reflected in the Z D values
associated with the highest Nusselt numbers. For higher jet Reynolds
numbers Re j , jet/shear layer coherence seems to be more important. For
lower Reynolds numbers, the Kelvin-Helmholtz vortices are expected to have
greater influences.
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Figure 13. Spatially-averaged Nusselt numbers as dependent upon Z D

for different x D values, Re j ≈ 8, 000

Figure 14. Spatially-averaged Nusselt numbers as dependent upon Z D

for different x D values, Re j ≈ 30, 000
3.5. Comparisons with other investigations.

Spatially-averaged Nusselt numbers for 12D hole spacing and

Z D = 3.0 are compared to results from Goodro et al. [17] in Figure 15. The
present data are given for Reynolds numbers of 8,000, 20,000, and 30,000. In
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general, spatially-averaged data from the present study are in good agreement
with results from Goodro et al. for all experimental conditions which are
examined, which validates the approaches and procedures employed. Note
that this comparison is only made for a Z D value of 3.0.

Figure 15. Spatially-averaged Nusselt numbers as dependent upon x D

for different values of Re j , Z D = 3.0, including comparisons with Goodro
et al. [17].
4. Summary and Conclusions

Experimental results are presented which illustrate the effects of jet-totarget plate distance and Reynolds number on heat transfer distributions for
an array of jets impinging on a flat plate with large hole spacing. The array of
impinging jets is directed to one flat surface of a channel which is bounded
on three sides. Considered are jet Reynolds numbers ranging from 8,000 to
50,000, jet-to-target plate distances of 1.5D, 3.0D, 5.0D, and 8.0D, and
steamwise and spanwise hole spacing of 12D. Associated Mach numbers are
low enough to insure that little or no Mach number dependence is present.
The thickness of each impingement plate is 1.0D. Hole array investigated is
arranged with a staggered arrangement from each streamwise row to the next.
In general, the detriment of cross-flows which accumulate in the
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impingement passage is reduced for large hole spacing. The accumulated
cross-flow does not cause each impingement jet concentration to deflect and
bend in the downstream direction by large amounts, compared to
arrangements with smaller hole spacing. Local maximum Nusselt number
values for 12D jet spacing show only small amount of variation with x D.
This is because each jet produced using X D = Y D = 12 approximates the
behavior of an individual jet. Local, line-averaged, and spatially-averaged
Nusselt numbers show strong dependence on the impingement jet Reynolds
number for all situations examined. Local Nusselt numbers at each x D and

y D location generally increase continually as the impingement jet
Reynolds number increases. This dependence of spatially-averaged Nusselt
number is quantified using a correlation for the two most upstream rows of
impingement jets (at the smallest x D values), where cross flows and jet
interactions are minimal.
Experimental results also illustrate important variations of local, lineaveraged, and area-averaged Nusselt numbers with normalized jet-to-target
plate distance. As such, the highest Nusselt numbers are present for

Z D = 3.0 for Re j of 30,000. When Re j = 8, 000, the highest Nusselt
numbers are also present for Z D = 0.5. This is a result of the competing
influence of: (i) the coherence of individual jets and the strength of adjacent
shear layers, and (ii) the development and advection of vortices generated by
Kelvin-Helmholtz instabilities.
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CHAPTER 5

SUMMARY AND CONCLUSIONS

In conclusion, the present study provides information which can be used to
optimize and design impingement array configurations to satisfy high demand of surface
heat transfer augmentation levels. These levels are characterized by use of local, lineaveraged, and spatially-averaged distributions of the Nusselt number. In present study, to
complete the investigation, data is obtained to show the effects of jet-to-target distance
and jet hole spacing on cross-flows at constant Reynolds number. Next, considered are
the combined and separate effects of hole array spacing, jet-to-target plate distance, and
Reynolds number on cross-flows. In addition, the present investigation also shows the
effects of large hole spacing. Included are the effects of jet-to-target plate distance, and
jet Reynolds number.
For the first set of experiments, new impingement heat transfer data are presented
for experimental conditions and configurations employed have not been previously
examined. These data illustrate the effects of impingement cross-flows on local, lineaveraged, and spatially-averaged Nusselt numbers, as both jet-to-target distance and jet
hole spacing are altered. With this arrangement, the impingement jets are directed to one
flat surface of a channel which is bounded on three sides. Data are given for a constant
impingement jet Reynolds number of 8,000. In general, the impingement passage crossflows which accumulate are detrimental to local Nusselt number performance, especially
for denser hole arrays with 5D and 8D hole spacing, where D is impingement hole
diameter. This is illustrated by periodic variations of surface Nusselt numbers, which
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generally decrease with streamwise development, and by local Nusselt number peak
values for hole spacings of 5D, 8D, and 12D which generally become smaller at
successive x/D locations for each value of Z/D. Also considered are unique situations
where significant accumulation of cross-flow fluid results in an opposite trend, with
increasing local Nusselt numbers with streamwise development for dense hole spacing of
5D, and smaller jet-to-target plate distances of 1.5D and 3.0D.
For the second set of experiments, data are presented which illustrate the
combined and separate effects of hole array spacing, jet-to-target plate distance, and
Reynolds number on cross-flows, and the resulting heat transfer, for an impingement jet
array. The array of impinging jets is again directed to one flat surface of a channel which
is bounded on three sides. Considered are Reynolds numbers ranging from 8,000 to
50,000, jet-to-target plate distances of 1.5D, 3.0D, 5.0D, and 8.0D, and steamwise and
spanwise hole spacing of 5D, 8D, and 12D, where D is the impingement hole diameter.
In general, the cumulative accumulations of cross-flows, from sequential rows of jets,
reduce the effectiveness of each individual jet (especially for jets at larger streamwise
locations). In other situations, the impingement cross-flow results in locally augmented
Nusselt numbers. Such variations most often occur at larger downstream locations, as jet
interactions are more vigorous, and local magnitudes of mixing and turbulent transport
are augmented. This occurs in channels at lower Reynolds numbers, where impingement
jets are confined by smaller hole spacing, and smaller jet-to-target plate distance. The
overall result is complex dependence of local, line-averaged, and spatially-averaged
Nusselt numbers on hole array spacing, jet-to-target plate distance, and impingement jet
Reynolds number.
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For the third set of experiments, data are presented which illustrate surface heat
transfer characteristics of an array of impinging jets with large hole spacing on the same
flat plate and impingement passage arrangement mentioned previously. Included are the
effects of jet-to-target plate distance, and jet Reynolds number. Steamwise and spanwise
hole spacing is 12D. Jet-to-target plate distances Z of 1.5D, 3.0D, 5.0D, and 8.0D are
employed, where D is the impingement hole diameter. Reynolds numbers Rej range from
8,000 to 50,000, with isentropic jet Mach numbers of approximately 0.1 to 0.2.
Experimental results include local, line-averaged, and spatially-averaged Nusselt number
distributions. All of these different types of Nusselt numbers show strong dependence on
the impingement jet Reynolds number for all situations examined. This dependence of
spatially-averaged Nusselt number is quantified using a correlation for the two most
upstream rows of impingement jets (at the smallest x/D values), where crossflows and jet
interactions are almost completely non-existent. Overall, the highest local Nusselt
numbers are present for Z/D = 3.0 for Rej of 20,000, 30,000, and 50,000, with local Nu
number decreases as Z/D increases further. For Rej of 8,000, the highest Nusselt number
values are present for Z/D = 5.0. In general, using X/D = Y/D = 12, the influences of
surrounding jets, including cumulative-induced crossflows and interactions of jet-induced
vortex structures are less pronounced, relative to configurations with smaller hole
spacing. For large hole spacing, both local and line-averaged maximum Nusselt number
data trends show only very small variations with increasing x/D. As such, important
differences relative to impingement arrays with smaller hole spacing are evident,
especially in regard to Nusselt number variations as streamwise location, jet-to-target
plate distance, and Reynolds number are changed.
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APPENDIX A

UNCERTAINTY ANALYSIS
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Uncertainty estimates are based on 95 percent confidence levels and are
determined using methods described by Kline and McClintock [14] and Moffat [15].
Experimental Uncertainty which shows below is from Chapter 2.

Table A.1. Uncertainty Analysis

Nomenclature
I
V
D

Unit
A
V
m2
m

W/(m*K)

Measurement Device
Simpson 260 Volt-Ohm-Milliammeters
Fluke 8846A Digit Multimeter
Dial Caliper Mitutoyo 505-671
Dial Caliper Mitutoyo 505-671
IR camera calibrated T-T/C
Omega T-type(TT-T-40-72”)
-

Quantity
Aht

Experimental Uncertainty
(percent)
1.394

D

4.919

Tw

2.706

Toj

0.722



0.541

Nu

6.043
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Error
2%
0.0017
0.0003 × 2
0.0003
0.758 ~ 1.5
0.15
0.0138 %

APPENDIX B
DATA FILE DIRECTORY
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Appendix B presents a listing of data files by filename. These data files include
both the raw and reduced data files for the results presented in this thesis defense.
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1. Listing of experimental data files for cross-flow effects on impingement array
heat transfer with varying jet-to-target plate distance and hole spacing
Folder
name

exp1

exp2

exp3

Rej

8000

8000

8000

Hole
Spacing
(X/D=Y/D)

5.0

5.0

5.0

Z/D

1.5

3.0

5.0

D
(mm)

4.5

4.5

Data file name

Description

d_nu1.txt

Raw Nusselt number in
text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with grayscale
values to temperature
camera calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains local
nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number in
text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with grayscale
values to temperature
camera calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains local
nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number in
text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

4.5
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exp4

exp5

8000

8000

5.0

8.0

8.0

1.5

4.5

A.xls

Excel file with grayscale
values to temperature
camera calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains local
nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number in
text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with grayscale
values to temperature
camera calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains local
nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number in
text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with grayscale
values to temperature
camera calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains local
nusselt number

4.5

74

exp6

exp7

exp8

8000

8000

8000

8.0

8.0

8.0

3.0

5.0

8.0

4.5

4.5

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number in
text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with grayscale
values to temperature
camera calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains local
nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number in
text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with grayscale
values to temperature
camera calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains local
nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number in
text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with grayscale
values to temperature
camera calibration

4.5
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exp9

exp10

exp11

8000

8000

8000

12.0

12.0

12.0

1.5

3.0

5.0

3.5

3.5

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains local
nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number in
text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with grayscale
values to temperature
camera calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains local
nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number in
text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with grayscale
values to temperature
camera calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains local
nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number in
text data file

3.5
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exp12

8000

12.0

8.0

3.5

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with grayscale
values to temperature
camera calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains local
nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number in
text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with grayscale
values to temperature
camera calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains local
nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number
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2. Listing of experimental data files for crossflows from jet array impingement cooling
hole spacing, target plate distance, Reynolds number
Folder
name

exp13

exp14

exp15

Rej

8000

8000

8000

Hole
Spacing
(X/D=Y/D)

5.0

5.0

5.0

Z/D

1.5

3.0

5.0

D
(mm)

4.5

4.5

Data file name

Description

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

4.5
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exp16

exp17

8000

20000

5.0

5.0

8.0

1.5

4.5

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

4.5

79

exp18

exp19

exp20

20000

20000

20000

5.0

5.0

5.0

3.0

5.0

8.0

4.5

4.5

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

4.5
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exp21

exp22

exp23

30000

30000

30000

5.0

5.0

5.0

1.5

3.0

5.0

4.5

4.5

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

4.5
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exp24

exp25

30000

50000

5.0

5.0

8.0

1.5

4.5

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

4.5

82

exp26

exp27

50000

50000

5.0

5.0

3.0

5.0

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

4.5

4.5
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exp28

exp29

exp30

50000

8000

8000

5.0

8.0

8.0

8.0

1.5

3.0

4.5

4.5

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

4.5

84

exp31

exp32

exp33

8000

8000

20000

8.0

8.0

8.0

5.0

8.0

1.5

4.5

4.5

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

4.5

85

exp34

exp35

20000

20000

8.0

8.0

3.0

5.0

4.5

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

4.5

86

exp36

exp37

exp38

20000

30000

30000

8.0

8.0

8.0

8.0

1.5

3.0

4.5

4.5

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

4.5

87

exp39

exp40

30000

30000

8.0

8.0

5.0

8.0

4.5

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

4.5

88

exp41

exp42

exp43

50000

50000

50000

8.0

8.0

8.0

1.5

3.0

5.0

4.5

4.5

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

4.5

89

exp44

exp45

exp46

50000

8000

8000

8.0

12.0

12.0

8.0

1.5

3.0

4.5

3.5

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

3.5

90

exp47

exp48

8000

8000

12.0

12.0

5.0

8.0

3.5

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

3.5
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exp49

exp50

exp51

20000

20000

20000

12.0

12.0

12.0

1.5

3.0

5.0

3.5

3.5

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

3.5

92

exp52

exp53

20000

30000

12.0

12.0

8.0

1.5

3.5

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

3.5

93

exp54

exp55

exp56

30000

30000

30000

12.0

12.0

12.0

3.0

5.0

8.0

3.5

3.5

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

3.5

94

exp57

50000

12.0

1.5

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

3.5

Local Nu.xls
d_nu1.txt

exp58

50000

12.0

3.0

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

3.5

Local Nu.xls
d_nu1.txt

exp59

50000

12.0

5.0

Excel file contains
local nusselt number
Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

3.5
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Excel file contains
local nusselt number
Raw Nusselt number
in text data file

exp60

50000

12.0

8.0

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains
local nusselt number

3.5

96

3. Listing of experimental data files for impingement array heat transfer with large hole
spacing
Folder
name

exp61

exp62

exp63

Rej

8000

8000

8000

Hole
Spacing
(X/D=Y/D)

12.0

12.0

12.0

Z/D

1.5

3.0

5.0

D
(mm)

3.5

3.5

Data file name

Description

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains local
nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains local
nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

3.5
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exp64

exp65

8000

20000

12.0

12.0

8.0

1.5

3.5

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains local
nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains local
nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains local
nusselt number

3.5

98

exp66

exp67

exp68

20000

20000

20000

12.0

12.0

12.0

3.0

5.0

8.0

3.5

3.5

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains local
nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains local
nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

3.5

99

exp69

exp70

exp71

30000

30000

30000

12.0

12.0

12.0

1.5

3.0

5.0

3.5

3.5

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains local
nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains local
nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains local
nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

3.5

100

exp72

exp73

30000

50000

12.0

12.0

8.0

1.5

3.5

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains local
nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains local
nusselt number

Line area avg Nu.xls

Excel file contains line
and area averaged
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

3.5

101

exp74

exp75

exp76

50000

50000

50000

12.0

12.0

12.0

3.0

5.0

8.0

Local Nu.xls

Excel file contains local
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains local
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains local
nusselt number

d_nu1.txt

Raw Nusselt number
in text data file

total.bmp

Average IR camera
bitmap image for
camera calibration

A.xls

Excel file with
grayscale values to
temperature camera
calibration

3.5

3.5

3.5
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Summary Output data.docx

Word file with test
conditions

Contour plot.dg6

Delta graph with
nusselt number
contour plot

Local Nu.xls

Excel file contains local
nusselt number
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APPENDIX C

SOFTWARE DIRECTORY
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This Appendix C provides a brief description of each of the different software
used to acquire raw data at different experimental and numerical condition.

Software
Exel
Matlab
Matlab

Labview

File Name

Description

Make greyscale calibration equation by using
IR image data and thermocouple data.
Determine greyscale value for each IR image. Read IR image,
BB.m
and output greyscale values
Calculate the experimental heat transfer coefficient and
CC.m
Nusselt number
This program is used to determine the pressures, the
thermocouples temperature, mean hole velocity, jet
Flat plate impingement_cal.vi stagnation temperature, jet static temperature, mass flow rate,
hole Reynolds number, and hole Mach number. Used to
Calibrate thermocouple and pressure transducer
A.xls

DeltaGraph 6

Contour plot

Read and plot Nusselt numbers in contour format

WinIR

total.bmp

Record IR image as Bitmap image
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